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Relaxor piezoelectric single crystals of Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT) 
solid solution have recently attracted considerable attention due to their superior 
dielectric and piezoelectric properties. Despite piezoelectric studies of these single 
crystal materials, the understanding of their deformation behavior and its correlation 
to domain orientation remains unclear. Since mechanical properties directly pertain to 
the crystals’ reliability in piezoelectric device applications, remarkable motivation has 
been spurred to investigate phenomena such as deformation behavior, cracking path, 
domain switching and evolution. 
 
In this thesis, the mechanical characterization of PZN-PT single crystals can 
be divided into three parts. In the first part, micromechanical properties and 
deformation characteristics of PZN-PT single crystals were examined using 
nanoindentation technique, including the investigation on crack initiation (pop-in 
events on the nanoindentation load-displacement curves), elastic modulus and 
hardness. Particular attention was also made to correlate the elastic recovery upon 
indentation unloading and domain activities. In the second part, domain structures 
were observed using Scanning Electron Acoustic Microscopy (SEAM) and 
Piezoresponse Force Microscopy (PFM) techniques. This provided information on 
macroscopic averaged domains and microscopic surface domains in PZN-PT single 
crystals. In addition, preferred fracture planes were investigated using fractography 
technique in conjunction with preferable domain switching directions. In the third part, 
the effects of mechanical polishing on domain reorientation were evaluated, leading to 
 ix 
the introduction of a carefully-controlled polishing procedure to eliminate surface 
distortion effect with mirror finishing. A correlation between hardness and 
polarization direction of localized domains in nanoscale was also established. Overall 
results of this study should provide some implications in understanding the 
deformation and domain switching mechanisms of PZN-PT single crystals under 
mechanical loading. 
 
The last part of my research was focused on explorative studies using 
Scanning Probe Microscopy (SPM) techniques to characterize ferroelectric and 
multiferroic materials. Due to geometrical and intrinsic constraints of PZN-PT single 
crystals and the limitations of the available SPM set-up, some of the variations of the 
SPM techniques, i.e., Switching Spectroscopy Piezoresponse Force Microscopy (SS-
PFM), Magnetic Force Microscopy (MFM) and Kelvin Probe Force Microscopy 
(KPFM), were implemented on copper-doped zinc oxide (ZnO:Cu) films as an 
explorative study. The results supported ZnO:Cu films as a material possessing both 
intrinsic piezoelectric and magnetic properties, and unveiled their potential as a new 
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induce stable polarization switching. 
Fig. 7.3 PFM amplitude and phase images of ZnO:Cu (8 at.%) film after the 
application of ±10V to a (1 × 1) µm2 area in the middle of the imaging 
area (field of view: 2 × 2 µm2). The scale bar in the images represents 
0.5 µm. 
Fig. 7.4 Schematic representation of domain switching in ZnO:Cu (8 at.%) film 
during the application of a tip voltage ranging from -8 V to +8 V, with 
the bottom Pt electrode grounded. The arrows indicate domain 
polarization direction of the ZnO:Cu film. 
Fig. 7.5 (a) Phase and (b) amplitude loops acquired in SS-PFM measurement of 
P(VDF-TrFE) film of ~50 nm in thickness. 
Fig. 7.6 Schematic showing the sequence of MFM imaging: (1) cantilever 
traces surface topography on first trace and (2) retrace; (3) cantilever 
ascends to a predefined lift height; (4) lifted cantilever profiles 
topography while responding to magnetic influences on second trace 
and (5) retrace. 
Fig. 7.7 MFM images of ZnO:Cu (8 at.%) film with a field of view of (50 × 50) 
µm2: (a) topography; (b) MFM amplitude images demonstrating 
underlying stripe-like structures which could be related to magnetic 
domains of alternate strong/weak fields; (c) MFM amplitude images at 
the same location during a 45° scanning. The simultaneous 45° rotation 
of the stripe-like structures indicates that they are indeed an intrinsic 
feature; (d) MFM amplitude image at the same location as in (c) but 
after applying +10 V to a (30 × 30) µm2 area in the middle of the 
imaging area. The stripe-like structures are less pronounced within the 
poled area but they are still visible out of the poled area; and (e) MFM 
amplitude images of the film after the exposure to an in-plane 
magnetic field of 5 kOe showing the extinction of the stripe-like 
structures. The scale bar in the images represents 10 µm. 
Fig. 7.8 MFM images of a floppy disk: (a) topography, (b) MFM amplitude, 
and (c) MFM phase images (field of view: 50 × 50 mm2). The scale bar 
in the images represents 10 µm. 
Fig. 7.9 (a) Schematics showing the experimental details during local negative 
biasing, followed by KPFM. For positive biasing, holes are injected 
while the dipoles are of reverse sign. (b) Topography and KPFM 
images of ZnO:Cu (8 at.%) film after the engagement of a negative and 
positive biased tip, respectively. The scale bar represents 500 nm; (c) a 
plot showing the dependence of the peak values of the surface potential 
with the applied biases; and (d) schematic flatband diagram of undoped 




Fig. 7.10 (a) Surface potential profile for the pure ZnO, ZnO:Cu (2 at.%), 
ZnO:Cu (8 at.%), annealed ZnO:Cu (8 at.%) films and their 
corresponding KPFM images after applying a series of successive dc 
biases in the middle of the images, ranging from -8 V at the top to +10 
V at the bottom with 2 V steps. The KPFM images after the second 
grounded-tip scan are also shown; the field of view is 5 × 5 µm2 except 
for ZnO:Cu (8 at.%), which is 10 × 10 µm2. The values of the surface 
potential are obtained based on the line-scans shown in y-direction. (b) 
Raman spectra of the ZnO:Cu (8 at.%) before and after annealed to 
650 °C under an open air ambient for 12 hours (courtesy of Dr. Tun 
Seng Herng). 
Fig. 7.11 (a) KPFM images showing time evolution of the surface potential on 
the ZnO:Cu (8 at.%) surface, after engaging a biased tip with the dc 
voltage of -10 V and +10 V for 1 minute. The scale bars represent 2 
µm. (b) The corresponding surface potential distribution along the line-
scans in x-direction as shown in (a). (c) Exponential fits to time 
evolution of the surface potential on the ZnO:Cu (8 at.%) surface, with 
and without bottom electrode. 
Fig. 7.12 (a) Topography, (b) PFM phase, and (c) KPFM images of PZN-9%PT 
single crystal after applying a series of successive dc biases, ranging 
from +10 V at the bottom to -8 V at the top with 2 V steps, on the 5 × 5 
µm2 dotted area in the middle (field of view: is 20 × 20 µm2). The 
scale bar represents 5 µm. (d) Surface potential distributions along the 
line-scan shown in (c). The dashed lines indicate the approximate 




List of Symbols 
 
 
A1, A2, A1’, A2’ Amplitudes caused by the shift in contact resonance 
frequency during the detection of piezoresponse signal 
Ac Contact area 
a, c Lattice parameter 
d31 Transverse-mode piezoelectric coefficient 
d33 Longitudinal piezoelectric constant 
E Elastic modulus of the material 
Ec Coercive electric field 
Ei Elastic modulus of the indenter tip 
Er Reduced modulus of the material 
E’ Electric field 
F Electrostatic force on the cantilever tip 
f Frequency 
H Hardness of the material 
Ho Hardness of the material in the limit of infinite depth 
h Indentation depth 
ha Anelastic penetration 
heu Elastic unloading depth 
hr Residual depth 
h’ Initial depth of the second loading cycle during 
indentation 
h* Characteristic length that depends on the shape of the 
indenter, shear modulus and Ho, below which the extra 
hardness becomes appreciable 




KT Dielectric constant 
k33 Longitudinal electromechanical coupling factor 
P Indentation load/force 
Pr Remnant polarization 
PS Spontaneous polarization 
P’ Polarization 
r Difference between heu and hr 
S Harmonic contact stiffness of the material 
t Time 
V Applied voltage 
Vac ac voltage 
Vdc dc offset 
Vsp Surface potential between the tip and the sample 
z Tip-sample separation distance 
β Correction factor made to elastic solution when the 
indenter tip is not axially symmetry 
β' Numerical factor depended on the indenter type 
ε Strain 
ε' Geometrical constant of the indenter tip 
θ Incident angle in X-ray diffraction 
λ Parameter related to the projected area of an indentation 
ν Poisson’s ratio of the material 
νi Poisson’s ratio of the indenter tip 
σ Stress 
τc Critical shear stress to cause domain switching 
ω Drive frequency of the ac voltage 
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Chapter 1: Introduction 
 
 
Piezoelectric materials have been widely used in applications of 
sensors/actuators, hydrophones, underwater acoustic detectors, ultrasound medical 
imaging transducer, etc. Among these materials, relaxor ferroelectric single crystals of 
Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT) solid solution have recently attracted greater 
attention due to their exceptional dielectric and piezoelectric properties compared 
with the commonly-used Pb(Zr,Ti)O3 (PZT) ceramics [1-3]. These superior properties 
are especially pronounced for the crystals in the rhombohedral phase near the 
morphotrophic phase boundary (MPB) at approximately (8 – 10)% PT content. The 
piezoelectric properties of these single crystals are strongly anisotropic. For example, 
it has been reported that the transverse-mode piezoelectric coefficient (d31) was           
-(1400 – 1800) pC/N for (001)-oriented and -(3200 – 4000) pC/N for (011)-oriented 
PZN-7%PT single crystals, compared to ~-(100 – 300) pC/N for PZT ceramics. 
Similarly, the relative dielectric permittivity for the PZN-7%PT single crystals was as 
high as 8000, about twice of that achievable for the PZT ceramics [4]. These superior 
properties were attributed to free energy instability, polarization rotation and the 
presence of the metastable phases in the crystals [4-6]. Therefore, PZN-PT single 
crystals have been considered as one of the most promising candidates for high-
performance piezoelectric devices and systems. In this chapter, an overview of 








1.1 Piezoelectricity and Domains 
 
Piezoelectricity is a phenomenon of coupling between mechanical and 
electrical responses of materials. When a mechanical stress is applied to a 
piezoelectric material, a voltage is generated. Conversely, when a voltage is applied to 
such a material, the shape and dimensions of the body change. Therefore, these 
materials have the ability to convert mechanical energy into electrical energy, and 
vice versa. There are classes of crystalline materials possessing such properties. A 
subgroup of the piezoelectric materials is designated as pyroelectrics. For a 
pyroelectric material, the local positive charge center of the unit cell coincides with its 
negative charge center (paraelectric) at a temperature higher than the Curie point. 
However, at temperature lower than the Curie point, spontaneous polarization (Ps) 
occurs along certain crystalline directions, wherein the local positive charge center of 
the unit cell deviates from the negative charge center. This deviation results in an 
electric dipole as well as internal local strains. The direction of the spontaneous 
polarization is called the polar axis. If the direction of the spontaneous polarization in 
a crystal can be reversed by application of an electric field, the crystal is called a 
ferroelectric crystal. The electric dipoles of adjacent unit cells may align only over a 
region of the crystal, whereas in another region the direction of the spontaneous 
polarization may be different or even reversed. The region of uniform polarization is 
called a ferroelectric domain. Since the direction of polarization among neighboring 
domains is random, the material may not show overall polarization [7].  
 
Under an applied electric field, a ferroelectric domain can switch its polar axis 






Through this poling treatment, domains nearly aligned with the electric field expand 
at the expense of those that are not aligned with the field, and the material lengthens 
in the direction of the field. When the electric field is removed, most of the dipoles are 
locked into a configuration of near alignment. The material now has a permanent 
polarization, known as remnant polarization (Pr), and is permanently elongated [8]. 
When the applied electric field changes its direction, reverse switching occurs, which 
causes the polarization hysteresis loop and the butterfly shape strain loop, as shown in 
Figs. 1.1(a) and (b), respectively. 
 
 
Fig. 1.1: Schematic plots of (a) a hysteresis loop of electric polarization versus 
electric field strength and (b) a butterfly loop of mechanical strain and electric field 
strength [7]. 
 
Switching a domain by 180° causes little or no mechanical distortion because 
the spontaneous strain has a near 180° symmetry. This 180° domain switching is 
primarily activated by the electric field. However, non-180° domain switching is 
different from the 180° ones. An example of the non-180° switching is schematically 
illustrated in Fig. 1.2. It involves changing the orientation of the spontaneous strain to 










electrical fields can cause non-180° domain switching, which in turn produces internal 
stress fields. The induced internal stress field may help to retard the applied 
mechanical field which may cause the failure of the piezoelectric materials. If the 
internal stress is high enough, the switching-induced stress can damage the sample by 
itself. If the non-180° switching occurs in the vicinity of a mechanically or electrically 
loaded crack tip, the switching-induced internal stress field may shield or further open 
(depending on the nature of the internal stresses) the crack tip from the applied loads, 
resulting in switching toughening or switching weakening [7]. 
 
 
Fig. 1.2: Formation of 90° ferroelectric domain walls in a tetragonal perovskite 
ferroelectric. The deformation of the crystal in the domain wall region due to the 
formation of 90° walls is exaggerated for the sake of picture clarity. a and c are lattice 




1.2 Relaxor PZN-PT Single Crystals 
 
Single crystals of some relaxor formulations exhibit very high 
electromechanical coupling factors - values greater than 0.9, versus values of 0.7 – 0.8 
for conventional PZT ceramics. Furthermore, the transition between piezoelectric 
behavior and loss of piezoelectric capability in relaxor materials does not occur at a 






temperature range (Curie range) [8]. This combination makes relaxors very attractive 
for actuator, transducer, and other piezoelectric applications. 
 
Among these relaxor materials, PZN-PT single crystals have attracted 
considerable attention due to their superior piezoelectric properties [4]. PZN-PT 
single crystal is produced by a complete solid solution of PZN, which is a relaxor of 
rhombohedral symmetry (R3m) with a broad and frequency dependent phase 
transition temperature near 140°C, and PT, a regular ferroelectric material of 
tetragonal symmetry (P4mm) with a sharp phase transition temperature of 490°C. The 
morphotropic phase boundary (MPB) between the two phases, i.e. rhombohedral and 
tetragonal phase, is formed near the (8 – 10)% PT content [10], as demonstrated in the 
phase diagram in Fig. 1.3. Fig. 1.3 shows that the phases present in PZN-PT single 
crystals depend on their composition and temperature. For example, PZN-PT single 
crystals have a centrosymmetric cubic perovskite phase (Pm3m) above the Curie 
temperature. On the other hand, a temperature below the Curie range leads to 
structural transformations from high temperature cubic phase to other phases, i.e., 
paraelectric-ferroelectric transition associated with shape and volume change. This 
shape change is typically an elongation along the polarization direction and a 
contraction in the plane perpendicular to the polarization direction [11]. An 
illustration of paraelectric-ferroelectric transformation from cubic to tetragonal phase 







Fig. 1.3: Phase diagram of PZN-PT system near rhombohedral-tetragonal 
morphotropic phase boundary by Kuwata et al. [10]. 
 
 
Fig. 1.4: Perovskite structure (ABO3) of mixed oxides: (a) paraelectric cubic phase 
above Curie temperature; (b) ferroelectric tetragonal phase below Curie temperature 
[11]. 
 
Compared with PZN-PT single crystals with a composition far from the MPB, 
those nearby the MPB are under much debate. High-resolution diffraction studies on 
relaxor PZN-PT and PMN-PT single crystals have revealed that the intricate structure 
of the MPB composition involves rhombohedral, tetragonal, orthorhombic and 
monoclinic phases [11]. The orthorhombic and monoclinic phases acted as structural 
bridges between the rhombohedral and orthorhombic phases in various phase 










symmetries and spontaneous polarization directions, as shown in Fig. 1.5. While the 
tetragonal, rhombohedral, orthorhombic and monoclinic phases have 6, 8, 12 and 24 
equivalent spontaneous polarization directions (or crystal variants), respectively, 
increasing crystal variants means increasing complexity of polarization switching and 
domain structures in the crystals. These findings result in the refinement of the phase 
diagram by Kuwata et al. [10], some of which are shown in Fig. 1.6. However, it has 
been argued that the reported monoclinic (or orthorhombic) phases may be a strained 
or distorted rhombohedral phase [15]. Recent researches also reported that the 
monoclinic phase in PZN-PT was a mixed state of nanometer-sized twin-related 
domains of conventional ferroelectric phases [16, 17]. Therefore, the phases presented 
near the MPB composition remain a field of interest. 
 
 
Fig. 1.5: Schematics showing phases and crystal variants: (a) cubic phase, (b) 
tetragonal phase with 6 variants, (c) rhombohedral phase with 8 variants, and (d) 








Fig. 1.6: Revised phase diagram of (a) PZN-xPT [12] and (b) PMN-xPT [18] around 
the MPB. The letter “C”, “M”, “O”, “R” and “T” represents the phase of cubic, 
monoclinic, orthorhombic, rhombohedral and tetragonal, respectively. 
 
Another characteristic feature of relaxor ferroelectric crystals is their complex 
domain structure. External loading causes polarization reorientation among multiple 
possible poling directions. This is the evolution process of crystal variant volume 
fractions. When the crystals are poled along certain directions to form stable multi-
domain states, the crystals exhibit enhanced electromechanical performance. This is 
associated with “engineered domain states” formed within the crystals, which can be 
achieved by controlling material composition and electric field. For example, 
rhombohedral-based PZN-4.5%PT single crystals with the orientation of 
[100]L/[010]W/[001]T have a spontaneous polarization direction along <111>. By 
applying an electric field along the <001> thickness direction, the domains of the 
solid solution are aligned towards the poling field direction, so that only four of eight 
possible polarization orientations remain (Fig. 1.7). This leads to a macroscopic 







recent study reported that a description of symmetry mm2 or lower was more 
appropriate due to a predominantly two-domain system [19]. 
 
 
Fig. 1.7: Illustration of the assumed domain structure with cross intersecting charged 
domain walls for the PZN-4.5%PT: (a) Eight possible orientations of dipoles before 
poling, and (b) four orientations remained after poling for the polarization [19]. 
 
The benefits of an engineered domain state are larger or tunable piezoelectric 
coefficients, improved linearity of piezoelectric response, and reduced domain wall 
motion and hysteresis. There are 90°/180° domain walls and polarization 
reorientations possible in the tetragonal phase, 70.5°/109.5°/180° domain walls and 
reorientations in the rhombohedral phase, and 60°/90°/120°/180° domain walls and 
reorientations in the orthorhombic phase [11]. Some possible domain patterns of 
poled rhombohedral PZN-PT crystals are listed in Table 1.1. It is generally postulated 
that this multi-domain structure, together with multi-phase coexistence around the 








Table 1.1: Illustration of possible twin patterns in [001]/[010]/[100] and 






1.3 Mechanical Polishing Effects 
 
To incorporate PZN-PT single crystals in various devices applications, the 
crystals are required to be processed into suitable sizes and forms. In the sample 
preparation processes, the cutting of relaxor single crystals to desired dimensions may 
induce subsurface damages in the form of flaws, cracks, or other defects, which could 
approach a depth of about 200 µm. This causes a reduction in the mechanical strength 
of the crystals and limits their expected lifetime in practical applications [20]. 
Therefore, subsequent polishing processes are essential after the cutting operation in 
order to minimize the surface defects induced by the preparation processes and 
improve the mechanical properties of the crystals. For instance, it has been 
demonstrated that the bending strength of PMN-PT crystals could be significantly 
improved after progressive polishing, up to 5 times in excess of 330 MPa, compared 






However, recent X-ray diffraction (XRD) analysis revealed that if the lapping 
films with a particle size of >(1 – 3) µm were used, this polishing process may 
inevitably produce a “surface deformed layer” [21, 22], resulting in the presence of a 
lower or secondary XRD peak as shown in Fig. 1.8. This surface layer induced by the 
polishing process was thought to be composed of heavily stressed structure of 
monoclinic symmetry due to intense compression experienced by the surface layer 
during the polishing processes [21]. Thus, the layer may possess different mechanical 
properties compared to those of the interior. 
 
 
Fig. 1.8: XRD profiles for a fractured surface following polishing with SiC papers of 
different particle size. The inset gives the intensity of the lower 2θ peak as a function 








1.4 Research Objective and Significance 
 
With the discovery of a different structure on the surface of PZN-PT single 
crystals [21-24], it is thought that the elastic modulus and hardness obtained by direct 
nanoindentation measurement [25, 26] has accounted for both effects of the surface 
and internal structures. Therefore, detailed analysis is needed to characterize the 
mechanical properties of the PZN-PT crystals by isolating the contribution of the 
surface and internal bulk structures. Furthermore, despite literature on the 
piezoelectric properties of these single crystal materials, the understanding of their 
deformation behavior and its correlation to domain orientation in the crystals remains 
unclear. 
 
To gain insight into fundamental understanding of the mechanical properties 
of PZN-PT single crystals, the main purpose of this study is to investigate the 
deformation and domain characteristics of the PZN-PT single crystals. The specific 
objectives of this research are: 
• to determine elastic modulus and hardness of PZN-PT single crystals using 
a detailed nanoindentation analysis and isolating the effect from the 
distorted surface structure, 
• to determine elastic-plastic deformation of the crystals and its correlation 
with domain alignment in the crystals, 
• to study crack propagation and fracture behavior of PZN-PT single crystals 






• to observe domain structures and domain switching mechanisms of the 
crystals using Scanning Electron Acoustic Microscopy (SEAM) and 
Piezoresponse Force Microscopy (PFM) techniques, and 
• to investigate the effect of mechanical polishing on the surface domain 
evolution. 
 
Findings of this study are very useful for research on mechanical properties of 
piezoelectric single crystal materials and understanding their deformation mechanism 
under electromechanical loading. The results of the study may also provide useful 
implications concerning the application of relaxor single crystals, such as surface 
requirement in device applications. 
 
The research activities presented here focus on rhombohedral-based PZN-(6-
7%)PT single crystals, while only limited attention was given on tetragonal-based 
(9%) single crystals. This is because PZN-(6-7)%PT single crystals of rhombohedral 
state find potential utilization in high-performance devices when poled to yield 
optimum piezoelectric properties. In addition, although it is understood that fatigue 
crack propagation and mechanical degradation may occur after cyclic 
electromechanical loading, as has been observed in single crystals and ceramics [27, 








1.5 Thesis Outline 
 
This Ph.D. thesis consists of two parts. Chapters 1 to 6 form the first part of 
this thesis, concerning the micromechanical characterization and domain structures 
and evolution in PZN-PT single crystals. Chapter 1 includes background information 
and research objectives. Chapter 2 reviews literature findings on mechanical 
properties determined by nanoindentation analysis and domain structures of 
piezoelectric materials, with primary focus on ferroelectric single crystal materials. 
Chapter 3 presents sample materials of PZN-PT single crystals and experimental 
setup. Chapter 4 discusses the nanoindentation technique in characterizing mechanical 
properties of PZN-PT single crystals, including pop-in events, elastic modulus, 
hardness and elastic-plastic deformation. Chapter 5 compares domain structures 
observed using various characterization techniques and deduces preferred fracture 
planes, whereas Chapter 6 studies a finer mechanical polishing process to eliminate 
the surface distortion effect. 
 
The second part of the thesis is the explorative study on Cu-doped ZnO films 
using various Scanning Probe Microscopy (SPM) techniques. Although it is not 
closely related to the first part, the study has important implications on characterizing 
nanoscale features of ferroelectric and multiferroic materials, especially thin films. 
The results of this part are presented in Chapter 7. 
 
Finally, Chapter 8 concludes the contributions of this thesis and suggests some 
future research for an improved understanding in electromechanical properties of 
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Chapter 2: Literature Review – Mechanical Properties and Their Relationships 
with Domain Structures in Piezoelectric Materials 
 
 
The interests in developing high-performance relaxor single crystal actuators, 
sensors or transducers have motivated the need to evaluate the reliability and 
mechanical properties of PZN-PT single crystals in this study. While relevant studies 
are mainly focused on crystal growth, optimization of composition, orientation and 
poling effects on their piezoelectric and dielectric properties [1, 2], there are few 
investigations on possible degradation of mechanical properties and deformation 
behavior of these single crystals [3, 4]. In practical applications, piezoelectric 
materials are subject to combined electrical field and mechanical stresses, which may 
lead to phase transformations, microcracking, and deterioration of the 
properties. Moreover, actuation forces may act as crack-driving forces, leading to 
failure of the piezoelectric devices. As new devices involving these single crystals are 
being explored, mechanical properties become one of the most important issues in the 
design and fabrication of the piezoelectric devices or systems. This has spurred 
remarkable motivation to consider phenomena such as deformation behavior, crack 
initiation and propagations, domain switching and evolution, and their roles in 
predicting fracture behavior, due to the lack of grain boundaries in ferroelectric single 
crystals [5]. In this chapter, an overview of mechanical characterization methods 
using nanoindentation technique is given, as well as a number of domains observation 








2.1 Mechanical Properties and Nanoindentation 
 
Due to the limitation in crystal size, indentation technique is favorable over 
conventional mechanical testing methods in the study of mechanical properties and 
cracking behaviors of relaxor PZN-PT single crystals. The indentation properties at 
nano- to submicron scale are of particular interest for understanding the material’s 
behaviors on the submicron scale. The nanoindentation experiments and analysis have 
been well developed and documented in the literature [6]. Generally speaking, these 
methods are used to determine elastic modulus and hardness of the materials. In 
addition, several analysis methods have also been developed for some detailed 
analysis of the indentation loading and unloading curves. Some of the analysis 
methods will be used in this work as summarized below. 
 
 
2.1.1 Elastic Modulus and Hardness 
 
A typical nanoindentation experiment consists of several stages, as shown in 
Fig. 2.1(a). First, the indenter tip approaches the sample surface until a contact is 
made, followed by loading in a specified rate to a preset maximum load. After holding 
at this maximum load for a period of time, the indenter unloads to 10% of the 
maximum load, in the same rate as loading. This 10% of the maximum load is then 
held for another period of time to make thermal drift correction, before the indenter 
tip is finally withdrawn from the surface. The data form load-displacement or load-








Fig. 2.1: (a) Loading/unloading procedure represented by indentation load as a 
function of time [6]. (b) Schematic drawing of the CSM technique. A harmonic force 
is imposed on top of the nominally increasing indentation load on the indenter [7]. 
 
On the basis of Kick’s law and results from Hainsworth et al. [8] and 



































,     (2.1) 
 
where λ = 24.56 for a perfect Berkovich indenter tip; ε' = 0.75 for a paraboloid shape 
tip; β is assumed to be 1.034 for the correction made to the elastic solutions because 
the Berkovich indenter is not axially symmetric; H is hardness of the material; and Er 

























E and ν are elastic modulus and Poisson’s ratio of the materials, respectively; those 
with the subscript i refer to the indenter. The values of Ei = 1141 GPa and νi = 0.07 
are used for a diamond indenter tip, and ν = 0.25 is assumed for the crystal in this 
work. 
 
The Continuous Stiffness Measurement (CSM) technique is a variation of the 
nanoindentation technique. During the indentation, the CSM technique imposes a 
harmonic force on top of the nominally increasing indentation load on the indenter, as 
shown in Fig. 2.1(b). This allows continuous measurement of contact stiffness (S) as a 





dPS rcr λββ ′=′== ,      (2.3) 
 
where β ′  is a numerical factor, estimated to be 2/√π for Berkovich indenter [10]. By 






β22 4= .        (2.4) 
 
In analyzing indentation loading behavior, Eqs. (2.1), (2.3) and (2.4) suggest 
linear relationships between the parameters of P-h2, S-h, S2-P, if the hardness and 
elastic modulus of the material are constant and do not vary with indentation depth. In 






then the linear relationships of P-h2, S-h and S2-P may no longer be applicable, as 
schematically illustrated in Fig. 2.2. Therefore, by investigating the changes in the 
relationships of P-h2, S-h and S2-P, one can determine how the modulus (E), hardness 
(H) and the modulus/hardness ratio (E/H) vary with indentation depth in the material. 
The studies described below investigate the effects of these factors (E, H and E/H) on 
variations in the P-h2, S-h and S2-P curves. 
 
 
Fig. 2.2: Schematics of the CSM indentation made on materials with homogeneous 








Fig. 2.3: Effects of changes in elastic modulus and/or hardness to (a) P-h curves, (b) 
P-h2 curves, (c) S-h curves and (d) S2-P curves. 
 
Fig. 2.3 shows the effects of the imagined changes in modulus and hardness 
on the indentation P-h, P-h2, S-h and S2-P curves compared with the reference curve 
(curve 1), where Er = 100 GPa, and H = 5 GPa. In particular, Fig. 2.3(a) shows the 
computed P-h curve based on Eq. (2.1). It is clear that the changes in the elastic 
modulus only slightly affect the P-h curve (curves 4 and 7) if hardness is the same as 
in the reference curve (curve 1). On the other hand, the effect of changes in hardness 
on the P-h curve (curves 2, 3, 5, 6, 8 and 9) is more significant. Note that the six 
curves include both conditions where the Er/H ratio is constant (curves 2 and 5) and 






also changes accordingly, resulting in significant changes in the slope of the P-h curve 
(curves 2 and 5). 
 
Similar results are seen in Fig. 2.3(b), which shows the corresponding P-h2 
curves for the same conditions. The slopes of the P-h2 curves are scaled in a 
descending order with (i) both elastic modulus and hardness increasing/decreasing 
(curves 2 and 5), (ii) only hardness changing (curve 8 and 9), and (iii) only elastic 
modulus changing (curve 4 and 7). Meanwhile, opposite relative changes in elastic 
modulus and hardness (curves 3 and 6) produce an compensating effect in the P-h2 
curve, resulting in smaller shifts compared to the changes imposed by an 
increase/decrease in both modulus and hardness (curves 2 and 5). As for S-h curve, 
changes to the slope are only affected by changes in the elastic modulus according to 
Eq. (2.3). 
 
Fig. 2.3(c) shows the increase in the slope of the S-h curve due to increasing 
elastic modulus and vice versa; changes in hardness have no effects on the slopes of 
the S-h curves. On the other hand, Eq. (2.4) shows that the S2-P curve is affected by 
both modulus and hardness. From Fig. 2.3(d), decreasing elastic modulus and/or 
increasing hardness (curves 3, 4 and 9) will reduce the slope of the S2-P curves, 
whereas increasing elastic modulus and/or decreasing hardness (curves 6, 7 and 8) 
will increase the slope of the curve. Increasing (decreasing) both modulus and 
hardness will also increase (reduce) the slope of S2-P curve (curves 2 and 5), but to a 
lesser degree than increasing (decreasing) modulus and decreasing (increasing) 






elastic modulus and hardness in the opposite way (curves 3 and 6) will result in a 
larger shift in the S2-P curve.  
 
These parametric studies have important implications in analyzing the 
nanoindentation P-h curves. If the elastic modulus and/or hardness are not constant 
through the depth of the materials or structures, such as thin-film structures or 
materials with modified surface or graded structures, then, during nanoindentation, 
the slopes of the indentation curves (P-h, P-h2, S-h and S2-P curves) will be changed 
continuously. This will result in a non-linear appearance of these curves. Therefore, 
by studying the changes in the slopes of these curves, one can determine the changes 
in elastic modulus and hardness or both as the function of indentation depth. For 
example, decreasing slope of the S-h curve with indentation depth indicates a decrease 
in the elastic modulus. At the same time, if the slope of the P-h2 curve increases with 
the depth, hardness will also increase with indentation depth. These two factors will 
result in a further significant decrease in the slope of the S2-P curves. By combining 
analyses of the four indentation curves (P-h, P-h2, S-h and S2-P curves), one can thus 
determine whether a surface layer exists in the materials and the differences in 
properties between the surface and interior. These principles will be used in the 
nanoindentation analysis for PZN-PT single crystals presented in Chapter 4. 
 
 
2.1.2 Anelastic Deformation 
 
Apart from elastic modulus and hardness, another mechanical property of 






piezoelectric ceramics using uniaxial compression method [12, 13]. This anelastic 
deformation causes the recovery of nonlinear deformation upon unloading, with 
considerable hysteresis. Examples of the anelastic behavior can be seen from Fig. 2.4, 
when the PZT ceramic samples were subjected to an applied stress parallel to the 
poling direction. For soft*
12
 PZTs, the nonlinear deformation was non-recoverable at 
stress levels as low as 30 MPa. Conversely, hard PZTs recovered most of the 
nonlinear deformation, before the capacity for anelastic strain is destroyed at a “yield” 
stress of 300 MPa, resulting in depolarization which was associated with non-180° 
domain switching [ ].  
 
 
Fig. 2.4: (a) Stress-strain curves and (b) electrical depolarization, ∆P’, for hard and 
soft PZTs as a function of the applied stress along polar axis [12]. 
                                                 
* “Soft” ceramics are piezoelectric materials doped with small amounts of a donor dopant to create 
metal (cation) vacancies. These materials are characterized by “ferroelectric soft” properties, i.e. easy 
polarization, large electromechanical coupling factors, large piezoelectric constants, high permittivity 
and poor linearity. On the other hand, “hard” ceramics are doped with acceptor dopants to create 







 For relaxor PMN-PT ceramics, large mechanical stress was found to be 
sustainable without either mechanical degradation or nonlinearity, as shown in Fig. 
2.5. Nonlinear deformation only appeared after an axial stress of 500 MPa, which was 
not related to domain switching but microcracking [12]. With such high stress 
involved in the anelastic testing of relaxor ceramics, it is questionable whether the 
anelastic behavior can be observed for PZN-PT single crystals using conventional 
tensile/compressive test.  
 
 
Fig. 2.5: Effects of stress on (a) transverse and (b) volume strain for sintered PMN-PT 
ceramics [12]. 
 
Algueró et al. [15-17] demonstrated a possibility of studying the anelasticity in 
ferroelectric films by analyzing the nanoindentation unloading data, which can be 
correlated to the stability of polarization under mechanical stress. In principle, 
nanoindentation imposes a highly inhomogeneous stress on the indented area, which 
may exceed the critical “yield” stress for anelasticity in microscopic scale. Therefore, 
it is possible that while some of the domains, switched under indentation stress, will 
reorient back (reversible deformation), other will not (irreversible deformation) when 






built up during the indentation [16]. If the deformation is partially non-recoverable, 
stress-induced domain switching may be induced, causing elastic-plastic instead of 
anelastic deformation. The experimental arrangement for Algueró’s approach is 
shown in Fig. 2.6(a). A conductive indenter acted as top electrode to locally pole the 
film with a function generator connected to the Pt bottom electrode. Both electrodes 




Fig. 2.6: (a) Schematic of the experimental setup for indentation poling [18]. (b) 
Electrical current density as a function of the indentation force for the PTL film of 
250 nm thickness poled at (▼) 150 kV cm-1 and (∆) -150 kV cm-1, and for the film of 
700 nm thickness poled at (●)150 kV cm -1 and (○) -150 kV cm-1 [19]. (c) Isolation of 
the upper part of the unloading half cycle that is elastic and determination of the 
anelastic penetration at maximum force, ha [15]. The notations are modified for 





ha = heu - hr 
force2/3, P2/3 (mN2/3) 






To determine the stability of the polarization under stress, depolarization 
current intensity was measured with charge transient detection. An example of the 
measurement results on (Pb,La)TiO3 (PTL) films is shown in Fig. 2.6(b). For negative 
poling (in this case, indentation on downward domains), the current intensity 
increased with indentation force during loading, and reversed sign during unloading. 
The absolute values of the intensity were higher during loading than that during 
unloading, indicating that depolarization had occurred during loading. Likewise, 
depolarization was observed for positive poling (i.e., indentation on upward domains), 
in a much higher severity compared with negative poling. Maxima were observed in 
the curves, which corresponded to the forces when the polarization rate was a 
maximum. These maxima were associated with the stress thresholds for 90° domain 
wall movement to induce depolarization [19]. 
 
Since the depolarization mechanism was attributed to domain wall movements, 
it may be possible to correlate this depolarization behavior to anelastic deformation 
during nanoindentation unloading, considering the contribution of domain switching 
towards anelastic behavior. Assuming the unloading to be entirely elastic (Hertzian 
behavior), the expected behavior for an elastic-plastic contact of a spherical 
indentation was expressed as 3/2BPAh += , where A are B are constants. However, 
as shown in Fig. 2.6(c), the data obtained for piezoelectric thin films deviated from 
this behavior due to an anelastic contribution to the deformation. To analyze the data, 
it was assumed that this recovery did not start until the indentation force decreased 
below a certain value. Thus, the Hertzian fitting was applicable to the initial part of 
the unloading curve, which gives elastic unloading depth (heu). The difference 






recovered during unloading. This anelastic behavior was consistent with domain 
orientation, hence giving some insight to the domain stability and the depolarization 
behavior under stress [15]. 
 
 
2.2 Domains Observation 
 
Since the mechanical properties of piezoelectric materials are believed to be 
closely related to their domain structures, the investigation of domain structures and 
their switching mechanisms in the relaxor single crystals under the influence of 
electrical and/or mechanical loading is of practical important. To date, attentions have 
been paid to fundamental study of domains and phase transitions for PZN-PT single 
crystals, primarily by means of Polarized Light Microscopy (PLM) [20-22]. A brief 
discussion on domain structures observed in the literature is given in this section.  
 
 
2.2.1 Polarized Light Microscopy 
 
A Polarized Light Microscope (PLM) is equipped with a polarizer and an 
analyzer to visualize birefringence in the specimen via the interaction of plane-
polarized light. It exploits optical properties specific to anisotropy and reveals 
information related to structure and composition of materials. For PZN-PT single 
crystals, Ye et al. [21] reported that the birefringent domain structures appeared very 
complex, and contained very fine domains which were superimposed to each other. 






complicated structures consisting of laminar domain walls and spindle-like walls. Fig. 
2.7(a) shows that these multi-domain structures are highly orientation dependent [24]. 
Moreover, both charged and uncharged domain walls are found in domain engineered 
samples and they could join together to form “L” and “T” shaped domain walls, as 
shown in Fig. 2.7(b) [22]. 
 
The PLM technique, however, requires excessive thinning processes for 
enhanced domains identification, which may destroy the original state of the samples. 
Furthermore, it has limited resolution and the captured image could be easily with a 
field of view of several hundred microns. Therefore, different methods of domains 









Fig. 2.7: (a) Domain patterns observed in poled (111)-, (001)- and (110)-oriented 
PZN-4.5%PT single crystals; modified from Liu and Lynch [24]. (b) L- or T-shaped 
domain walls observed by Yin and Cao and (c) illustration of domain patterns that can 








2.2.2 Scanning Electron Acoustic Microscopy 
 
A Scanning Electron Acoustic Microscope (SEAM) is basically a modified 
SEM to accompany both electronic and acoustic signals for imaging. It has been used 
in characterization and evaluation of a number of materials and structures [25-27]. 
Compared to other imaging techniques like optical and scanning electron microscopy, 
which are only capable of providing a representative of surface topography, the 
SEAM has the advantage of subsurface profile imaging due to the utilization of 
acoustic signals. Because of its unique non-destructive surface and subsurface 
imaging ability, SEAM technique can be easily implemented and probably is the most 
straightforward way of directly observing static configuration of domain structures in 
ferroelectric materials [28]. 
 
 
Fig. 2.8: Diagram illustrating the generation of acoustic signal due to (a) thermal 
wave coupling and (b) piezoelectric coupling. 
 
In general, there are two coupling mechanisms for SEAM image generations, 
i.e. thermal wave and piezoelectric coupling, as illustrated in Fig. 2.8. Thermal wave 
coupling is a general coupling mechanism as a result of heating effect of a pulsed 



















gradient in the sample that acts as driving force to generate thermal waves. The 
thermal waves are then heavily damped at thermal diffusion length and converted into 
acoustic waves that propagate through the sample. The spatial resolution and 
detection depth of the SEAM due to thermal wave coupling are theoretically 
proportional to inverse square root of its modulation frequency, f-1/2. 
 
On the other hand, the generation of acoustic waves by piezoelectric coupling 
does not owe to heat production. When primary electron beam hits the piezoelectric 
sample, charge built up by primary electrons in the volume interaction creates a 
potential difference on the surface of the sample. Due to ferroelectric nature of the 
sample, it would experience mechanical stress at the region where there is electric 
potential. This results in the generation of acoustic waves that propagates through the 
sample. Unlike thermal wave coupling mechanism, the spatial resolution of the 
SEAM dominated by piezoelectric coupling is independent of thermal properties and 
modulation frequency [25, 26]. This mechanism is probably more relevant in this 
study. 
 
While the SEAM is a through-transmission technique, it reveals averaged 
domain structure throughout a range of depths, instead of specific domain 
characteristic in a single level. Moreover, its resolution highly depends on the 
equipment’s capability and sensitivity in detecting and processing the acoustic signals 
generated. Therefore, the SEAM has its limitation in terms of usefulness and hence is 
not widely used in domain characterization. Nevertheless, the SEAM technique has 
been successfully used to observe domain structures in ferroelectric materials, such as 






the deployment of extensive sample preparation. It was thus expected that this 




Fig. 2.9: Electron acoustic images for BaTiO3 as a (a) single crystal (f = 210.0 kHz) 
and (b) poly crystal (f = 114.7 kHz) [32]. 
 
 
2.2.3 Piezoresponse Force Microscopy 
 
With the discovery of the existence of a surface layer, which may possess 
dissimilar properties compared to the interior of the PZN-PT samples [33, 34], a 
different technique from PLM is needed to characterize domain structures on the 
crystal surface. In the past decades, Atomic Force Microscopy (AFM) technique is 
developed as a powerful tool for imaging nanoscale topographic features in materials. 
The topographic information of a sample can be obtained by sensing the deflection of 
the AFM cantilever when it scans over the sample surface. For domain observation 
purpose, etching of the sample in an aqueous solution is required in order to reveal the 
topographic difference for upward and downward domains, due to their different 







[36, 37] and several domain features were observed, including complex island-like 
structure and tweed-like zigzag alignment (Fig. 2.10). 
 
 
Fig. 2.10: (a) Topography image of the PZN-8%PT sample plate perpendicular to the 
[100] direction of the cubic coordinate. (b) Schematic illustration for the direction of 
spontaneous polarization for rhombohedral phase. The polarization of I, II, V, VI are 
[111], [111], [111] and [111], respectively, whereas the dotted lines and dashed lines 
show the 71° and 109° walls, respectively [37]. 
 
More recently, Piezorepsonse Force Microscopy (PFM) is developed to image 
the surface domain structures of piezoelectric materials by directly detecting their 
electromechanical responses, without the application of an etching technique. As 
schematically illustrated in Fig. 2.11, the principle of the PFM is based on the 
detection of piezoelectric vibration signal due to converse piezoelectric effect, caused 
by an external ac voltage between the tip and the sample surface. The amplitude and 
phase of the piezoresponse signal are related to the magnitude of the normal 
piezoelectric coefficient (effective d33) and the direction of the polarization, 
respectively [38, 39]. When a positive voltage is applied on the PFM tip and the 
polarization is pointing at negative z-direction (downward direction) (electric field is 







voltage is applied, this means that the electric field and the piezoelectric signal are in 
phase. Conversely, if the polarization points at the positive z-direction (upward 
direction), the applied electric field will be antiparallel to the spontaneous polarization. 
Therefore, the electric field and the piezoresponse signal are shifted in phase by 180° 
relative to each other [38]. In the case of PZN-(6-7)%PT single crystals, a 
rhombohedral symmetry is expected and their spontaneous polarization directions are 
along <111>. Hence, the antiparallel domains should be in the vertical phase angle of 




Fig. 2.11: Schematics showing sign dependence of the sample strain. When the 
domains have a vertical polarization that is pointed downwards and a positive voltage 
is applied to the tip, the sample will locally expand. If the polarization is pointed up, 
the sample will locally contract. The phase of the measured response is thus 








Fig. 2.12: Schematics showing (a) spontaneous polarization directions for an unpoled 
rhombohedral-based PZN-PT single crystal, and (b) the corresponding theoretical 
phase angles detected by PFM. 
 
Despite a number of the PFM studies have been reported on relaxor single 
crystal materials, most of them were focused on commercially available melt-grown 
single crystal of PMN-PT solid solution, typically produced by Bridgman or 
Czochralski method [40-47], while the research works on PZN-PT single crystals 
remain rare [48-51]. The fact that the PZN-PT single crystals have not been pursued 
aggressively is due to difficulties in controlling the size and quality using flux growth 
method. However, with improved flux growth techniques, several groups have 
successfully developed large-size and high-homogeneity PZN-PT single crystals [1, 
52, 53]. Compared with these flux-grown PZN-PTs, the melt-grown PMN-PT single 
crystals are less favored because they exhibit less superior properties, e.g. d33 ≈ 2500 
pC/N and KT ≈ 6500, and suffer from low crystal uniformity due to a large 
segregation coefficient of the PMN-PT system, leading to considerable variations in 
the resulting properties [54]. Therefore, a detailed PFM observation on the PZN-PT 
single crystals is desirable to provide a comparative domain study to the available 






2.3 Cracking Behaviors and Fractography 
 
Crack initiation and propagation in piezoelectric ceramics under electric field 
and/or mechanical stress have been extensively studied since the early 1980s. For 
example, it was found that the crack propagation is inhibited by a positive electric 
field (i.e. the electric field is parallel to the polarization direction) but promoted by a 
negative field. The difference in cracking behavior is associated with the change in 
the stress states between the regions behind and in front of the crack tip [55]. By using 
phase field simulation [56], positive electric field induces 90° domain switching 
beside crack tip, lowering the stress ahead of the crack tip. On the contrary, negative 
electric field induces 90° domain switching zone and also 180° switching zone ahead 
of the crack tip; thus it may increase the stress ahead of the crack tip and promote 
crack propagation. Furthermore, under alternate electrical loading, mechanical 
degradation of ferroelectrics was also observed, in which cracks propagate 
instantaneously as domain boundaries move forward [57]. Apart from the applied 
electric field, the mechanical properties of the ferroelectric materials as well as 
fracture behaviors are also sensitive to temperature. For instance, a minimum of the 
fracture strength for PZT ceramics was found by varying temperature, and this 
phenomenon was attributed to the inelastic relaxation due to 90° domain wall motion. 
When a domain wall was driven to move, an internal stress field was developed, 
assisting the applied load/electric field to fracture the sample. Since this internal stress 
field varied with temperature, the measured bending strength was therefore a function 







Despite these studies, a fundamental understanding of the cracking behavior in 
relaxor piezoelectric single crystals is still very limited. Previous studies with 
polycrystalline ceramics have shown that the cracks may grow under an applied cyclic 
electric field and tend to follow grain boundaries. Therefore, in the case of single 
crystals which possess no grain boundaries, the crack propagation is believed to 
follow domain boundary or domain wall. An in situ TEM study of field-induced 
micro-cracking along 90° domain boundary in the tetragonal PMN-35%PT single 
crystal indicated that field-induced cracking in the piezoelectric crystal prefers the 
domain wall as the crack path [59]. Similarly, Hosono et al. [60] also reported that the 
crack advanced favorably parallel to domain wall direction but was restrained when 
the crack collided with the wall. These findings are thought to be related to the 
anisotropy of stress field revealed by indentation experiments [61], which was 
attributed to domain switching directions, as shown in Fig. 2.13. Consequently, by 
knowing the domain wall directions of a crystal, one may deduce a preferred cracking 
direction upon mechanical loading. 
 
On the other hand, fractography or microscopic examination of fractured 
materials surfaces could be conducted analogous to the study of preferred cracking 
directions. The basic premise of the fractography study is that the topography of a 
surface created by a growing crack is characteristics of microstructure of the material 
and test conditions. By observing and interpreting the fracture surface topography, it 
is possible to determine the point where a crack nucleates and the mechanisms of 
crack growth [62]. For piezoelectric materials, domain structures may have influence 
in this crack growth process. Therefore, fracturing a piezoelectric sample may reveal 






anisotropy. Furthermore, preferred cracking planes can be deduced as a supplement of 
the study on cracking directions. In particular, it is anticipated that cleavage fracture is 
observed if the tensile loading is normal to the preferred cracking plane, whereas a 
serrated surface is expected along certain cracking paths when the tensile stress 
direction is not perpendicular to the preferred cracking plane. 
 
 
Fig. 2.13: Photoelastic images of a spherical indentation on PMN-PT single crystals 
along (a) <100> and (b) <110> directions and their stress intensity contours from 
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Chapter 3: Experimental Methodology 
 
 
The samples of PZN-PT single crystals used in this work were provided by 
Microfine Materials Technology Pte. Ltd., and the sample preparation procedure is 
briefly described in Section 3.1. Section 3.2 presents the nanoindentation experiments 
used in characterizing the deformation of the PZN-PT single crystals, whereas Section 
3.3 describes the principles and the equipment setup for domains observation by using 
Scanning Electron Acoustic Microscopy (SEAM), Piezoresponse Force Microscopy 
(PFM) and fractography. In the attempt to remove the “surface deformed layer” 
produced during sample preparation processes, an additional mirror-finish polishing 
step is used and described in Section 3.4, followed by properties evaluation. 
 
 
3.1 Sample Materials 
 
PZN-(6-7)%PT single crystals, supplied by Microfine Materials Technology 
Pte. Ltd., were grown by an improved high temperature flux growth technique with 
PbO-based fluxes [1]. The grown crystals were oriented using Laue back-reflection 
method and sliced into an appropriate thickness and desired orientation. The surface 
of the PZN-PT single crystals was then polished to a thickness of 0.5 mm, using a 
series of slurry coated Al2O3 lapping films of successively finer grades, down to 1 µm 
in particle size (262X series, 3M, USA). All of the polishing processes were 
performed without applying lubricant but in a gentle manner to avoid excessive heat 






the dimensions of 7 mm in length and 2 mm in width. Unless otherwise mentioned, 
the testing samples were all in this “as-polished” state, which were of optical quality 
and free of major subsurface damage. 
 
 
Fig. 3.1: Schematic diagram showing various crystallographic orientations of the 
PZN-PT single crystals samples used in this study. 
 
Figure 3.1 shows various crystallographic orientations of the samples used in 
this study. PZN-PT single crystals with orientations of [100]L/[010]W/[001]T (Sample 
A) and [110]L/[1 1 0]W/[001]T (Sample B) were used as (001)-oriented samples, 
whereas the samples with the orientations of [100]L/[01 1 ]W/[011]T (Sample C), 
[011]L/[100]W/[011]T (Sample D) and [111]L/[211]W/[011]T (Sample E) were used as 
(011)-oriented samples. Sample A and C were more frequently used as the (001)- and 
(011)-oriented testing materials, while Sample B, D and E were used if additional 
characteristic information was required, such as in fractography study. 
 
To obtain poled samples, samples were coated with gold electrodes on both 
surfaces, i.e., (001) surfaces for (001)-oriented samples and (011) surfaces for (011)-






in silicone oil bath at room temperature. As shown in Fig. 3.2, the sample surface 
connected to positive polarity of the power source is defined as negative surface 
whereas that connected to the negative polarity as positive surface, and the poling 
direction is the thickness direction pointing from negative to positive surface. Since 
all the tests, except the SEAM, would be performed on the surface perpendicular to 
the poling direction, the poling applied here is an “out-of-plane” poling process. 
 
 
Fig. 3.2: Positive and negative surfaces of the PZN-PT single crystals during poling 
process and possible orientations of dipoles remained after poling for (001)- and 
(011)-oriented crystals. 
 
After poling, dielectric constant (KT, measured at 1 kHz) and 
electromechanical coupling factor (k33, measured with resonance technique) of the 
samples were measured using an impedance network analyzer (Model 4294, Agilent, 
USA); and the piezoelectric coefficient (d31) was measured with a piezo d-meter 
(Model SS01, SensorTech, Canada). These data were used as a reference to ensure 
that the samples were optimally poled [2]. The electrodes of the samples were then 









In the nanoindentation experiments, a commercial nanoindenter (Nano 
Indenter XP, MTS, USA) was used with a standard diamond Berkovich tip of ~50 nm 
radius. The purposes of this study were to investigate the pop-in phenomenon, 
determine the elastic modulus and hardness of PZN-PT single crystals based on the 
loading curve, and characterize their elastic-plastic deformation based on the 
unloading curve.  
 
 
3.2.1 Loading and Pop-In Events 
 
In this experiment, the maximum indentation loads were set at 20 mN and 50 
mN, respectively, using the Continuous Stiffness Measurement (CSM) option at 45 
Hz. The load was applied at a constant rate of 1 mN/s until the maximum load was 
reached, which was then held for 10 s followed by unloading at the same rate before 
thermal draft correction. Five to ten indents were made at each condition with an 
interval of 50 µm. Deformation patterns around indentation sites were then observed 
using Field-Emission Scanning Electron Microscope (FESEM) (Model S-4300, 
Hitachi, Japan). In addition, the crystal structure of the samples was determined by 
using X-ray diffraction (XRD) technique (Model XRD-6000, Shimadzu, Japan) on 
both as-polished and fracture surfaces, with pure silicon powder as the internal 
reference; the fractured samples were obtained according to the procedure described 
in Section 3.3.3. The obtained XRD results were used to determine if the polishing 










3.2.2 Elastic-Plastic Deformation 
 
The method to investigate elastic-plastic deformation behavior of the PZN-PT 
single crystals was based on the analysis by Algueró et al. [3-5]. There were three 
types of nanoindentation experiments conducted. The first one studied elastic-plastic 
deformation using normal nanoindentation loading/holding/unloading cycles, as 
described in Section 3.2.1; in this test, the maximum indentation loads were varied 
from 1 to 50 mN. The second experiments studied the effects of multiple indentation 
loading/holding/unloading cycles. The indentations were made by a repeated 10-cycle 
of loading/holding/unloading on the same location with the maximum indentation 
load of 50 mN. Both types of experiments were performed without applying the CSM 
technique. The third experiment evaluated the frequency effect by applying the CSM 




3.3 Domains Observation 
 
As mentioned in Section 2.2, Scanning Electron Acoustic Microscopy (SEAM) 
and Piezoresponse Force Microscopy (PFM) techniques implemented in this study 






precautions in sample attachment. For instance, the single crystals used in the SEAM 
were required to be properly attached onto a transducer. Similarly, grounding of the 




3.3.1 Scanning Electron Acoustic Microscopy 
 
In the SEAM setup, beam chopping facilities were used in a normal SEM 
system to modulate the beam current at certain frequencies [6, 7] and achieve a 
chopped electron beam that resembles an ideal square wave with only odd harmonics 
present [8]. Fig. 3.3 shows a general setup for Electron Acoustic (EA) detection. The 
experiments were performed using SEAM 100 system (Scanning Beam Technology, 
Singapore). First, the top surface of the sample was sputter-coated with gold to avoid 
excessive accumulation of incident electrons, before attaching it onto a PZT 
transducer with silver paste to ensure proper electric and acoustic contact. The 
transducer was then mounted onto a holding stage and placed into the SEAM column. 
After achieving the desired vacuum, a high-speed chopping beam achieved by a beam 
blanking unit was excited to hit the sample surface. The EA signals propagating 
through the sample were detected by the PZT transducer and a built-in pre-amplifier 
was used to reduce effects of noise before lock-in amplification stage. The signals 
were then processed by the lock-in amplifier which also incorporated filtering, gain 
and offset conditioning to produce a useful signal with acceptable dynamic range and 
signal-to-noise characteristics. The output of the lock-in amplifier underwent further 






digital acquisition, processing and storage. The signals processed from the controller 
unit were also routed to the signal generator as reference signals used by the beam 
blanking unit [8, 9]. 
 
 
Fig. 3.3: Experimental setup for SEAM. 
 
During the SEAM imaging, adjustments were made to ensure that the current 
detected in the sample was as high as possible in the permissible range in order to 
obtain a clear image with minimal noise. Cautions were taken to ensure that the 
filament of the electron beam did not overheat and burn out prematurely due to the 
high current used. Subsequently, the frequency of the chopping beam was adjusted to 
obtain the SEAM images with varying frequencies. In the SEAM images, white 
regions were interpreted as areas of strong acoustic signal while black regions were 
regarded as areas of less or no acoustic signal. For comparison purpose, normal SEM 







3.3.2 Piezoresponse Force Microscopy 
 
The samples were imaged with a commercial vertical PFM (Model MFP-3D, 
Asylum Research, USA) using the incorporated Dual-Frequency Resonance Tracking 
(DFRT) setting [10]. DFRT-PFM dramatically reduces the crosstalk due to the shift in 
resonance frequency by tracking the contact resonance frequency using a feedback 
loop and adjusting the drive frequency of the cantilever to match the resonance. For 
harmonic resonator systems, a phase lock loop (PLL) is commonly used to track the 
resonance frequency. However, for PFM measurements, antiparallel domains within 
the material invert the phase, and make tracking impossible. Therefore, instead of 
using the phase as the input to the frequency feedback, DFRT uses the difference 
between the two amplitudes as the input feedback. This eliminates any issues arising 
from a change in the Q factor*
 
 of the resonance peak, and allows a simple calculation 
of the resonance frequency. Figure 3.4 shows a schematic of the two drive frequencies, 
and the resulting amplitudes (A1’ and A2’) when the resonance frequency shifts. As the 
frequency shifts downward, A1 moves up to A1’, and A2 moves down to A2’. The 
change in the (A2 - A1) signal causes the feedback loop to respond by shifting the drive 
frequency until the (A2 - A1) signal is zero again [12]. Unless otherwise specified, the 
samples in this thesis were imaged using a conductive PtIr-coated silicon tip with a 
spring constant of 42 N/m (NCHPt, Nanoworld, Switzerland). 
                                                 
* A dimensionless parameter to characterize the quality of a resonant circuit, which can be described as 







Fig. 3.4: (a) Schematic diagrams of the experimental set-up, and (b) principle of the 





As shown in Fig. 3.5, fractured samples were obtained by applying three-point 
bending tests using a microforce tester (Model 8848, Instron, USA). First, a Vickers 
indentation was induced at the middle of the sample surface as a fracture initiation 
point. The indented surface was then placed facing down on a micro-bending fixture 
with a length span of 5 mm to load the indentation crack in tension. A displacement 
rate of 0.1 mm/min was applied until the sample broke into two halves. This slow 
displacement rate was aimed to produce a clearer domain image on the fracture 






preferentially along domains or domain walls. The fracture surfaces of the crystals 
were then gold coated and observed under a Field-Emission Scanning Electron 
Microscope (FESEM) (Model S-4300, Hitachi, Japan). 
 
 
Fig. 3.5: Schematic showing three-point bending setup. 
 
 
3.4 Mechanical Polishing Effects 
 
After acquiring the data for the “as-polished” single crystal samples, the same 
samples were attached to epoxy molds and further polished to mirror finish using a 
polishing cloth (MD-Nap, Struers, Denmark) and Al2O3 suspension of 0.3-µm particle 
size. The resultant samples (referred hereinafter as “mirror-finished” samples) were 
again characterized using the PFM, XRD and nanoindentation techniques for a 
comparison with the “as-polished” samples. The results on the “mirror-finished” 
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Chapter 4: Nanoindentation 
 
 
This chapter presents the evaluation of mechanical properties of PZN-PT 
single crystals using the nanoindentation technique. In particular, the nanoindentation 
loading data provide information on deformation behavior of the crystals (Section 4.1). 
On the other hand, the unloading data give an insight into elastic-plastic deformation 
of the crystals when the indenter tip is withdrawn. This elastic-plastic deformation 
could be associated with domain contribution towards elastic recovery, which will be 
discussed in Section 4.2. 
 
 
4.1 Deformation Behaviors 
 
In this study, PZN-PT single crystals with ~(6-7)% PT composition were used, 
as they have been touted to possess exceptional dielectric and piezoelectric properties. 
The (001)- and (011)-oriented crystals used in the nanoindentation experiments have 
the orientation of Sample A and C, respectively, shown in Fig. 3.1. After poling, the 
dielectric (KT), piezoelectric (d31) and electromechanical constants (k31) of the PZN-
(6-7)%PT samples were measured. The results are listed in Table 4.1. These 
measurements ensured that the samples used in this study were poled to an optimal 









Table 4.1: Dielectric and piezoelectric properties of the poled (001)- and (011)-
oriented PZN-(6-7)%PT single crystals used in this study, poled at 0.8 and 1.2 kV/mm. 
 











(001)-Oriented (Sample A)a    
0.8 kV/mm / Positive Surface 7388 -1118 0.503 
0.8 kV/mm / Negative Surface 6588 -1405 0.524 
1.2 kV/mm / Positive Surface 7435 -1390 0.562 
1.2 kV/mm / Negative Surface 6246 -1204 0.578 
(011)-Oriented (Sample C)b    
0.8 kV/mm / Positive Surface 4706 -3292 0.939 
0.8 kV/mm / Negative Surface 4688 -3385 0.944 
1.2 kV/mm / Positive Surface 4566 -3483 0.923 
1.2 kV/mm / Negative Surface 4533 -3021 0.914 
 
a Optimally poled properties: KT ≈ 6800 – 8000, d31 ≈ -(1400 – 1800) pC/N, k31 ≈ 0.50 [1] 




4.1.1 Load-Displacement Curve and Pop-In Event 
 
Fig. 4.1 shows the nanoindentation P-h curves for positive and negative 
surfaces of both (001)- and (011)-oriented samples. There are no significant 
differences in the P-h curves for the samples poled to 0.8 and 1.2 kV/mm. A similar 
observation is also found for positive and negative surfaces of the poled crystals. 
Therefore, it can be concluded that the strength of the poling field and polarity of the 








Fig. 4.1: P-h curve for nanoindentation on positive and negative surfaces of (a) (001)-
oriented and (b) (011)-oriented PZN-(6-7)%PT under different poling fields. 
 
Fig. 4.2 compares the indentation P-h curves obtained from the 
nanoindentation of (001) and (011) surfaces of poled samples. The curves show that 
(011) surface is generally stiffer and harder than that of (001) surface, as the P-h 
curve of the (011) surface exhibits a steeper slope. From the analysis presented in 
Section 2.1.1, one can conclude that the differences between the two curves are most 
likely due to differences in elastic modulus and hardness values for the two surfaces.  
 
A pop-in event in the loading curve, i.e., a sudden change of indentation depth 
at a constant load, could be noted, as indicated by the arrows in Fig. 4.2. This pop-in 
event was observed on both (001) surface for (001)-oriented samples and (011) 
surface for (011)-oriented samples. Fig. 4.2(a) shows that, for the (001) surface, the 
pop-in occurs at an indentation load of approximately 32 mN, with ~12 nm changes 
on the indentation depth. In contrast, for the (011) surface, the pop-in occurs at an 








Fig. 4.2: (a) Typical P-h curve for nanoindentation on poled (001)- and (011)-oriented 
PZN-6%PT. The curve with a shorter indentation depth represents indentation under a 
maximum load of 20 mN, while that with a larger indentation depth corresponds to a 
maximum load of 50 mN. The arrow indicates where the pop-in occurs. The insets 
show the corresponding indentation impression for (001)-oriented samples under 20 
mN (upper left) and 50 mN (lower left), respectively, and also (011)-oriented samples 
under 50 mN (upper right). (b) FESEM images showing indentation impressions 
when the sample is rotated 90°. The local damage pattern appears to be highly 
anisotropic. 
 
To investigate possible reasons behind the pop-in events, nanoindentation 
deformation patterns were observed using FESEM. The deformation patterns were 
similar for both unpoled and poled surfaces and also for the (001) and (011) surfaces 
under the same indentation load. Fig. 4.2(a) also includes the FESEM images of the 
indentation sites corresponding to the P-h curves of poled (001)- and (011)-oriented 
samples. For the (001)-oriented samples, there is permanent plastic deformation at the 
indentation impression under maximum load of 20 mN. When the maximum 






488 nm and local damage patterns are observed. A similar observation is also found 
for the poled (011)-oriented samples, where clear pile-up and damage patterns appear 
on the (011) surface after an indentation load of 50 mN. It is clear that the P-h curves 
with the pop-in event correspond to the indents with pile-up or local damage patterns. 
However, these pile-up and local damages occur only on one or two sides of the 
indentation impression, even if the indenter is 90°-rotated, as shown in Fig. 4.2(b). 
The pile-up or local damage patterns are only found at the edges of <110> for (001)-
oriented samples or <111> for (011)-oriented samples, but not on the side parallel to 
the <100> directions. These results suggest that the damage patterns formed during 




Fig. 4.3: Histograms showing distribution of indentation depth, indentation load and 







Fig. 4.3 show the statistics of the number of pop-in events occurred as a 
function of indentation depth, indentation load, and pop-in depth for (001)- and (011)-
oriented samples. For both surfaces, the pop-in events are mainly observed within the 
range of the indentation load of 10 – 20 mN and indentation depth of 250 – 350 nm, 
with a majority pop-in depth of 5 – 15 nm. Although most of these pop-in events 
occurred under a maximum indentation load of 50 mN, ~30% of the indentation tests 
under 20 mN also demonstrated pop-in events. As shown in Fig. 4.4(a), a pile-up and 
local damage pattern at an indentation load of 20 mN are observed, and the pop-in 
occurs at an indentation depth of 258 nm, similar to the maximum load of 50 mN, 
except that the pop-in depth is smaller. On the other hand, there are indentations 
without pop-in events in the P-h curve despite pile-up and/or local damage pattern 
were observed at the indentation site, as shown in Fig. 4.4(b). In other words, while 
all the pop-ins found in the P-h curves demonstrate a corresponding pile-up or local 
damage pattern, the reverse does not always hold. There may be two reasons for this 
observation. First, the pop-in may occur during the indentation, but the pop-in depth is 
too small to be noticeable in the P-h curve. Second, the pop-in event may be masked 
or suppressed by highly mechanical polished surface, as used in our experiment, 
although the local damage pattern still persists. This hypothesis is based on the study 
by Bahr et al. [2], who demonstrated that pop-in disappeared for mechanically 
polished surfaces with a higher dislocation density compared to electropolished 







Fig. 4.4: FESEM images for indentation impressions on (001)-oriented samples and 
the correponding P-h curves under a maximum indentation load of 20 mN. (a) Pop-in 
is present in the P-h curve and local damage pattern is observed around the 
indentation impression. Arrow indicates where the pop-in occurs. (b) Local damage 
pattern observed without the appearance of pop-in in the corresponding P-h curve. 
 
There may be two mechanisms to explain the indentation pop-in phenomenon 
[2]. The first attributes the sudden change of indentation depth to dislocation 
nucleation when the load exceeds theoretical shear strength, indicating onset of plastic 
deformation. Thus, all loading prior to the pop-in is purely elastic deformation of the 
material. This hypothesis has been supported by nanoindentation studies of some 
oxide single crystals, such as barium titanate [3], lithium tetraborate [4] and 
magnesium oxide [5]. 
 
The second mechanism of pop-in events was proposed by Gerberich et al. [6]. 
They suggested that dislocation loops are generated at very low load. When these 
dislocations cross slip back to the free surface with an increasing loading, the oxide 
film is broken, resulting in the pop-in phenomenon. Although the PZN-PT crystal is 
an oxide solid solution and it is unlikely that another oxide film will be formed on the 






mechanical properties compared to interior [7, 8]. This surface layer may act in a 
similar manner to the oxide film on other single crystal materials and induce a pop-in 
effect in the P-h curve. Therefore, the latter hypothesis is more relevant to this study.  
 
By relating the FESEM images to the nanoindentation P-h curves (Fig. 4.2), 
the sequence of the formation of pop-in can be visualized as follows: at a low 
indentation load, “dislocation loops” are nucleated around indentation impression and 
plastic deformation is initiated. As the indentation load further increases, more 
“dislocations” develop and spread out by cross-slipping, producing a back force on 
the indenter and a forward force on the surface layer. Once the surface layer ruptures 
due to the forward force, the sudden emerge of these “dislocations” to the free-surface 
relieves the back force against the indenter, thereby producing pile-up and local 
damage patterns, resulting in the pop-in event in the P-h curve. The word 
“dislocation” is used here since the phenomenon is believed to be analogue to the 
dislocation initiation in other single crystal materials during indentation. 
 
 
4.1.2 Surface Layer 
 
Further verification of the existence of the surface layer was sought using 
XRD. Typical {002} XRD profiles for as-polished and fractured surfaces are shown 
in Fig. 4.5. The 2θ values do not significantly differ for unpoled and poled samples, 
indicating that a standard XRD technique was insensitive to poling effects on the shift 
in 2θ. The as-polished profile reveals a major peak at 44.84 – 44.96° and a minor but 






(001)- and (011)-oriented samples exhibits only one major peak at 2θ of 44.60 – 
44.74°, slightly differing from the (002) main peak found on the as-polished surface. 
The minor shift of 0.2 – 0.3° between the major peaks on (002) and (200) profile 
reveals a different interplanar spacing in [001] and [100] directions. The appearance 
of the lower 2θ peak on as-polished surface is consistent with the finding by Chang et 
al. [7] on PZN-4.5%PT. Although Chang et al. [7] demonstrated that the lower 2θ 
peak of PZN-4.5%PT could be largely eliminated after room temperature poling at 0.7 
– 1.5 kV/mm, the peak apparently persists for the poled PZN-(6-7)%PT in this study. 
The lower peak of as-polished samples was attributed to a “surface deformed layer” 
of heavily stressed rhombohedral phase produced during the sample fabrication [7]. 
This finding confirms the existence of the surface layer and supports the hypothesis 
that the pop-in event in the P-h curve is caused by breaking of the surface layer. 
 
 
Fig. 4.5: (002) XRD profile taken from as-polished surface and (200) XRD profile 






4.1.3 Elastic Modulus and Hardness Characterization 
 
As a usual practice for the nanoindentation, the elastic modulus and hardness 
of the material are determined by calculating average values throughout certain range 
of indentation depth. However, due to the disruption caused by the “surface deformed 
layer”, the measured elastic modulus and hardness may account for both effects of the 
surface layer and the interior. Therefore, by neglecting the initial unorganized data, if 
any, slope technique discussed in Section 2.1.1 is more appropriate in determining the 
mechanical properties for PZN-PT single crystals. While Eqs. (2.3) and (2.4) suggest 
linear relationships of S-h as well as S2-P, the preliminary nanoindentation results on 
the (011)-oriented PZN-PT single crystals demonstrated two stages of linear behavior, 
with a transition at an indentation depth of 375 nm with a corresponding load of 20 
mN (Appendix A). However, these results were irreproducible and a single linear 
behavior was found during subsequent tests. It is unclear of whether this phenomenon 
was due to errors in the experimental setup, the influence from the environment, or 
the phase instability when the crystals were “freshly” produced. The results shown 
below were verified by numerous trials and should be the reproducible data of the 
“stable” phase. 
 
Fig. 4.6(a) shows the P-h2 curve for poled and unpoled (001)- and (011)-
oriented samples. Generally speaking, the slope for (011)-oriented samples is larger 
than that of the (001)-oriented samples under the same condition. Furthermore, the 
slope of the P-h2 curve for poled samples is higher than that for unpoled sample. 








Fig. 4.6: Comparison of (a) P-h2, (b) S-h, and (c) S2-P curves for PZN-(6-7)%PT 
single crystals. 
 
Figs 4.6(b-c) compare the S-h and S2-P relations for unpoled and poled (001)- 
and (011)-oriented samples, respectively. The following can be noticed:  
(i) Both curves appear to show anomaly in the beginning of the tests, up 
to ~300 nm, which may be due to the existence of the “surface 
deformed layer” as discussed in Section 4.1.2. 
(ii) Effects of crystal orientations: 
a) The unpoled (011)-oriented samples have a 4.6% steeper S-h slope 
compared with the (001)-oriented samples as shown in Fig. 4.6(b). 






(011)-oriented samples is 4.6% higher than that of the (001)-
oriented samples. This 4.6% increase in modulus, based on Eq. 
(2.4), should cause a ~9.6% increase in the slopes of the 
corresponding S2-P curves if the hardness remains constant. 
However, Fig. 4.6(c) shows that, compared to that for the (001)-
oriented samples, the S2-P slope for the unpoled (011)-oriented 
samples is only ~5.6% higher. This suggests that the unpoled 
(011)-oriented samples also possess a higher hardness compared to 
their (001)-oriented counterparts, which contributes to lowering the 
slope of S2-P curve, as demonstrated in Fig. 2.3(d). 
b) Similar to the unpoled crystals, with a ~11.8% higher S-h slope, the 
S2-P slope for the poled (011)-oriented samples should be ~25.0% 
higher than that of the poled (001)-oriented samples, assuming 
their hardness are the same. Since the observed slope of the S2-P 
curves for the poled (011)-oriented samples is only ~16.5% higher 
compared to that of the unpoled samples, the hardness of the poled 
(011)-oriented samples is also higher than that of the (001)-
oriented samples. 
(iii) Poling effect:  
a) As shown in Fig. 4.6(b), both unpoled (001)- and (011)-oriented 
samples have lower contact stiffness compared to their poled 
counterparts. 
b) With a steeper S-h and S2-P slope of ~4.7% and 5.6%, respectively, 
the poled (001)-oriented samples possess a higher modulus and 






is observed for the (011)-oriented samples with a difference in S-h 
and S2-P slope of ~12.0% and 16.6%, respectively. 
 
Table 4.2: Elastic modulus (E) and hardness (H) obtained from S-h and S2-P 

















Unpoled 114±3 5.6±0.2 138 119±2 5.8±0.2 142 
Poled 120±3 5.8±0.2 142 136±3 6.2±0.2 152 
 
By taking linear fitting of the S-h and S2-P curves, Eqs. (2.3) and (2.4) could 
be used to determine the average values of elastic modulus and hardness of the 
crystals, considering only the data with indentation depth >300 nm. These modulus 
and hardness obtained were also used to compute the P/h2 value according to Eq. (2.1). 
In this study, pile-up correction was not performed because the pop-in effect was only 
observed in the P-h curves, which was not evident from the S-h and S2-P curves. 
Furthermore, the calculation considered only the data with a penetration more than 
300 nm, after which the pile-up had mostly chipped off from the surface to form local 
damage patterns. Table 4.2 summarizes the results of elastic modulus, hardness and 
parameter P/h2 obtained. In general, although the variation in hardness is not 
significant, the poled crystals have a higher elastic modulus and hardness compared 
with the unpoled crystals. The same also applies to the (011)-oriented crystals 
compared with their (001)-oriented counterparts. However, the elastic moduli 
obtained are much higher than those determined for PMN-30%PT single crystals 






measured direction under either open or short circuit conditions. In contrast, the 
elastic modulus determined using nanoindentation is based on localized material’s 
response from multiple directions surrounding the indentation impression, which 
provides an averaged value. Indeed, the elastic moduli determined from the 
nanoindentation lie between those measured along <100>, <110> and <111> 
directions using the resonant technique [9]. On the other hand, the calculated P/h2 
values shown in Table 4.2 are higher than the slopes of the P-h2 curves in Fig. 4.6(a). 
This may be attributed to underestimation of the slopes due to pop-in events. 
 
The results of this study differ from the nanoindentation study on PZT 
ferroelectric thin films. For example, poled PZN-PT single crystals have a higher 
modulus compared to their unpoled counterparts, whereas the converse was observed 
for PZT thin films [10, 11]. This property degradation of PZT thin films after poling 
can be associated with the formation of cracks, when a large strain change is induced 
from c-axis in-plane to c-axis out-of-plane [10]. Apart from the discrepancy in terms 
of poling states, PZN-PT crystals also exhibit different behavior from the aspect of 
orientation. Unlike PZT thin films, which have a higher modulus in the <001> over 
the <011> orientation [12], PZN-PT single crystals follows a reverse tendency. This 
may be due to different deformation mechanisms involved. PZN-PT is a single crystal 
bulk material, in which one of the possible deformation mechanisms is thought to be 
correlated to dislocation activity and slip [13]. The (001)-oriented crystals may have a 
lower critical resolved shear stress value for deformation compared with the (011)-
oriented crystals, thus resulting in a lower modulus value. On the contrary, for PZT 
thin films, other deformation mechanisms such as grain size/boundary effect, domain 






Furthermore, previous studies on PZT thin films [14, 15] have found that (100)-
oriented thin films have a higher effective longitudinal and transverse piezoelectric 
coefficient compared to other orientations. In contrast, (011)-oriented PZN-PT single 
crystals have a higher value of d31 compared to (001)-oriented crystals [1]. It appears 
that said piezoelectric properties may exert an influence on the mechanical properties 
of the crystals. 
 
 
4.1.4 Indentation Size Effect 
 
To better visualize the changes of mechanical properties with indentation 
depth, elastic modulus and hardness were re-calculated on depth-by-depth basis using 
Eqs. (2.3) and (2.4). The data within the first 300 nm in depth were neglected to 
minimize contributions from the “surface deformed layer”. The calculation results are 
shown in Fig. 4.7. Fig. 4.7(a) indicates that both the (001)- and (011)-oriented crystals 
exhibit nearly constant elastic modulus. However, a trend of decreasing hardness 
value with the indentation depth is noticeable from Fig. 4.7(b). Prior research has 
attributed this phenomenon to indentation size effect (ISE) [16], which can be found 
even for ferroelectric single crystals and ceramics [17, 18]. The operative mechanisms 
for the ISE in ferroelectric materials are flexoelectricity, domain wall activity and 
dislocation-based mechanism [19]. The ISE is also thought to be dependent on sample 
condition of mechanical damages, artifacts in nanoindentation testing and data 








Fig. 4.7: (a) Elastic modulus and (b) hardness as functions of indentation depth. 
 
Using the concept of geometrically necessary dislocations (GNDs) and strain 
gradient plasticity, the observed indentation size dependence has been rationalized by 
















,        (4.1) 
 
where H is the hardness for a given indentation depth, Ho is the hardness in the limit 
of infinite depth and h* is a characteristic length that depends on the shape of the 
indenter, shear modulus and Ho. Although an improvement to Nix and Gao’s model 
has been proposed by introducing maximum allowable GND density [20, 22], Eq. (4.1) 









Fig. 4.8: A plot of H2 versus 1/h for PZN-(6-7)%PT single crystals obtained from 
nanoindentation experiments using a Berkovich indenter. 
 
Fig. 4.8 shows a plot of H2 data versus 1/h from Fig. 4.7(b). By linear fitting, 
the values of Ho and h* can be determined from its slope using Eq. (4.1). As listed in 
Table 4.3, all the Ho values are only ~70% of the H values found in Table 4.2, 
representing a significantly lower depth-independent hardness if microindentation is 
conducted. Furthermore, in infinite indentation depth, the hardness difference between 
the unpoled and poled PZN-PT single crystals is not significant, suggesting that 
poling may, in fact, only cause a notable change in elastic modulus via polarization 
rotation. 





Ho (GPa) h* (nm) Ho (GPa) h* (nm) 
Unpoled 3.8±0.1 600±76 4.3±0.2 404±33 








4.2 Elastic-Plastic Deformation 
 
To examine the elastic-plastic deformation behavior of the PZN-PT single 
crystals based on Algueró’s approach [23-25], the initial part of the unloading curve is 
assumed to represent an elastic response, which can be expressed as 2/1BPAh +=  for 
an elastic-plastic Berkovich contact, where h is the indentation depth, P is the 
indentation load, A and B are constants [26]. Therefore, a linear line should be 
obtained from the graph of h versus P1/2 using the initial portion of the unloading data. 
The indentation depth at zero force following this linear line defines the elastic 
unloading depth, heu, which means that the material would recover to this depth upon 
removal of the indentation load provided that everything is elastic, and the difference, 
(hmax - heu), should be a plastic-only deformation. However, if an elastic-plastic (or 
anelastic) deformation component exists, the final residual depth (hr) is always 
different from the value of heu in real nanoindentation experiments; this component 
may lead to less (or more) recovery compared to the case of pure elastic recovery.  
 
Fig. 4.9 is an example of the relationship between h versus P1/2 from the 
nanoindentation unloading data for PZN-PT single crystals. To obtain heu, a linear 
fitting of the initial unloading data is first performed on 200 data points from the 
maximum load, followed by a repeated elimination of 20 data points at lower force 
end until the fitting stops improving. The iteration involves removing ~30 – 40% of 
the data points at the low force end, and the elastic unloading depth, heu, is then 
determined by extrapolating the final linear fitting to zero force ( 0=P ). On the other 






remaining unloading data points to zero force using a polynomial fitting of 
( ) ( )22/12/1 PCPBAh ++= . The difference between heu and hr defines the parameter r, 
which may be affected by sharp tip effect, recovery within the indentation impression, 
dislocation activity or, for piezoelectric materials, domain switching and domain wall 
movement due to the indentation-induced stress. 
 
 
Fig. 4.9: Isolation of elastic and elastic-plastic components using unloading data from 
nanoindentation. 
 
For thin films, the parameter r was expressed as reu hhr −=  as the value of 
heu is larger than hr [23-25]. This means that the deformed ferroelectric films tend to 
recover more, even beyond the elastic unloading depth, when the indentation stress is 
removed. For the single crystals, however, this parameter r is expressed as 
eur hhr −= , since heu is generally smaller compared to hr as shown in Fig. 4.9. This 
implies less recovery of the PZN-PT single crystals during nanoindentation unloading. 






25], “elastic-plastic deformation” is more appropriate to describe the parameter r for 
the PZN-PT single crystals in this study. 
 
Apart from the different indenter tips used, the difference in the unloading 
behavior between single crystals and thin films may be attributed to variations in 
structure and deformation characteristics. Thin films are subject to the substrate 
clamping effect, which results in lateral compressive or tensile stress under plane 
stress condition. When an indentation load, applied normal to the film surface, causes 
localized depolarization of domains in lateral direction, this lateral stress imposed by 
the substrate may reorient the domains back to the vertically poled condition. In 
contrast, bulk single crystal materials lack lateral surface stress and, hence, reversible 
domain reorientation upon the removal of the indentation loading is unlikely. It is 
known that under mechanical compressive stress, domains of a ferroelectric material 
tend to split, forming non-180° domain walls in order to minimize elastic energy [27]. 
The formation of these non-180° domain walls may cause irreversible localized 
depolarization, relieving the internal stress built up in the single crystals. This reduces 
the driving force for material recovery and, hence, the final residual depth is larger 
than the elastic unloading depth, the opposite to thin film materials. 
 
An observation of the domain switching phenomenon in the PZN-PT single 
crystals was conducted using piezoresponse force microscopy (PFM) technique. Figs. 
4.10(a-c) and (d-f) show the surface topography and piezoresponse images of the 
Berkovich indentations on an unpoled (001)-oriented PZN-PT single crystal in two 
orientations, i.e., one edge of the indentation is 0o and 90o to the [100] direction, 






effects due to a sudden change in topography during scanning [Figs. 4.10(a) and 
4.10(d)]. The amplitude [Figs. 4.10(b) and 4.10(e)] and phase images [Figs. 4.10(c) 
and 4.10(f)] correspond to the magnitude of the piezoelectric coefficient (d33) and the 
direction of normal polarization, respectively.  
 
 
Fig. 4.10: (a,d) Topography, (b,e) amplitude and (c,f) phase images for the 0° and 90° 
Berkovich indentation, respectively, on an unpoled (001)-oriented single crystal. (g,h) 
The corresponding 3D topography image to (a) and (d). Arrows indicate the areas 
where more material recovery was observed. 
 
In Figs. 4.10(a) and 4.10(d), a cross-like pattern emanates from the center of 
the indentation site to four diagonal directions of the image, which are the <110> 
traces, resulting in protrusion of a few nanometers above the normal surface. These 
<110> traces are consistent with the domain switching directions observed on (001)-
oriented PMN-PT single crystals after Vickers indentation [28]. From the 3D 
topography images in Figs. 4.10(g) and 4.10(h), the material recovery of the single 






Nonetheless, it is assumed that the r-value in this study is an averaged value for the 
corresponding indented surface. The details of domain switching phenomenon will be 
discussed in more detailed in Chapter 5. 
 
 
4.2.1 Effects of Crystal Orientation and Poling 
 
The r-values for the unpoled and poled surfaces of the PZN-PT single crystals 
are shown in Fig. 4.11 as a function of the maximum indentation loads. Due to the 
small recovery depth within the nanometer range and possible errors caused by 
extrapolation of graphs, the data show a considerably large standard deviation. For 
(001) surface, it was found that the r-value seems to be increasing with the maximum 
indentation load up to the range of 10 – 20 mN, after which it remains nearly constant. 
The (011) surface shows similar trend as the (001) surface up to 20 mN. However, 
unlike the (001) surface, its amplitude continues to increase up to a maximum 
indentation load of 50 mN. Events contributing to these recovery processes include 
domain switching and localized depolarization, both of which are crystal orientation 
dependent.  
 
The increasing trend in the r-value may be attributed to a higher internal stress 
built-up under a higher indentation load. The higher indentation load may trigger 
more domain switching, inhibiting further elastic recovery under the indentation site 
and resulting in a larger r-value. Nevertheless, for the (001) surface, these domain 
activity and other intrinsic operative effects constitute a constant r-value of 






observation may be relevant to the “complete depoling” and saturation behavior found 
in ferroelectric ceramics [29]. Due to the small scale involved during nanoindentation, 




Fig. 4.11: r-values for (a) (001)- and (b) (011)-oriented PZN-PT single crystals as a 
function of the maximum load of indentation. The circled data show inconsistencies 
compared to the overall results. 
 
In the context of the measured electromechanical response, the piezoelectric 
coefficient may be one of the contribution factors to elastic recovery of the indented 
piezoelectric material. The poled (001)-oriented crystals show a high longitudinal 
piezoelectric coefficient (d33), while the poled (011)-oriented crystals give an 
exceptional high transverse piezoelectric coefficient (d31) [1]. Although the recovery 
of the material is due to complicated interactions between the longitudinal and 
transverse strain responses, the parameter r is thought to be dominated by the 
longitudinal piezoelectric coefficient with out-of-plane poling. Therefore, although 
the d31 for the (011)-oriented crystals is about twice its (001)-oriented counterparts, 
the latter still exhibit a lower r-value (i.e., closer to the pure elastic case to have 






Fig. 4.11 also shows the r-values for positive and negative surfaces of the 
PZN-PT single crystal samples for comparisons. In general, under the same maximum 
indentation load, the sequence of increasing r-values is as follows: the positive 
surface, the negative surface and the unpoled surface. Exceptions are found for the 
data of the (001) surface under the maximum indentation load of 10 mN, and the (011) 
surface under the maximum indentation load of 20 mN, as marked in Fig. 4.11, 
probably due to errors during the experimental procedure and extrapolation of graphs. 
 
As shown in Fig. 4.11, both poled (001) and (011) surfaces have lower r-
values compared to those of the unpoled surface. In the unpoled state, some of the 
domains in the single crystals may be already in a preferred orientation for switching 
upon unloading. In contrast, the domains for the poled crystals are fixed in their poled 
orientation against the compression under the indentation stress. Thus, to induce the 
same amount of domain switching, a higher indentation stress may be required for the 
poled crystals compared with the unpoled crystals. The recovery process upon 
indentation unloading is particularly significant for the positive surface, with a lower 
r-value. This could be due to the fact that the domain dipoles of the positive surface 
are aligned against the indentation direction, as demonstrated in Fig. 3.2, which 
produces resistance upon the indentation stress. This resistance helps to produce more 
recovery to the indented materials along the direction of the elastic unloading depth 
and, thus, lowering the r-value. The resistance effect has been seen in the 
phenomenon of crack propagation in the PZN-PT single crystals, in which the 
positive surface is found to possess compressive surface stress and, hence, a higher 







4.2.2 Multiple Loading/Unloading 
 
  
Fig. 4.12: P-h curve for the unpoled (a) (001)- and (b) (011)-oriented PZN-PT single 
crystals after a 10-cycle nanoindentation without applying the CSM option. The inset 
shows the enlarged loading/unloading cycles in the graph. 
 
The effects of multiple loading/holding/unloading on elastic recovery were 
studied by performing a 10-cycle nanoindentation test at the same spot. Examples of 
the load-displacement curves are shown in Fig. 4.12. Table 4.4 shows the initial 
loading point of the second indentation cycle (h’) compared to the hr value obtained 
from graphical extrapolation. The two values are not considerably different, 
suggesting an adequate approximation of the final residual indentation depth (hr) 
using a second order polynomial fitting in Fig. 4.9. 
 
Table 4.4: Comparison of the initial loading depth during the second indentation cycle 
(h’) and the final residual depth (hr) obtained from graph interpolation. 
 
Indented Surface hr (nm) h’ (nm) 
Unpoled (001)-Oriented 370±3 377±11 







Fig. 4.12 shows that the reloading curve for both (001)- and (011)-oriented 
PZN-PT single crystals does not exactly coincide with the unloading curve of the 
previous cycle. This suggests that the deformation of the material is not fully elastic, 
and further plastic deformation occurs with subsequent loadings. While the initial part 
of reloading curves for the (001)-oriented crystals remains coincide with previous 
unloading curves, the unloading and the reloading curves for the (011)-oriented 
crystals seem to be separated right from the initial contact. This makes a larger 
maximum penetration depth of the indentation for the (011)-oriented crystals, i.e. 
approximately 20 nm deeper after 10 cycles compared to that of (001)-oriented 
crystals. The result is consistent with previous finding reported in Section 4.2.1, in 
which the (011)-oriented crystals differ more from the unloading behavior of pure 
elastic case and possess a larger r-value compared with their (001)-oriented 
counterparts. 
 
Table 4.5: r-values for (001)- and (011)-oriented PZN-PT single crystals after one and 




1 Cycle 10 Cycles 
(001)-Oriented   
Unpoled 12±4 12±12 
Poled – Negative Surface 9±6 N/A 
Poled – Positive Surface 4±3 2 
(011)-Oriented   
Unpoled 22±8 20±2 
Poled – Negative Surface 19±11 19±2 
Poled – Positive Surface 16±4 15* 







The r-values for the first and last cycle of indentation were calculated and the 
results are tabulated in Table 4.5. As shown in Table 4.5, the r-values after the tenth 
cycle do not deviate far from those after the first cycle. Since the repeated cycle of the 
nanoindentation is conducted at a low loading/unloading rate, the effect may not be 
evident after only 10 cycles of the indentation. Therefore, the Continuous Stiffness 
Measurement (CSM) technique is further used to study the effects of multiple 
loading/unloading on the parameter r. 
 
 
4.2.3 Effects of CSM Frequencies and Maximum Indentation Loads 
 
CSM is accomplished by imposing a harmonic force, which is added to the 
nominally increasing load on the indenter. The cyclic loading used in the CSM makes 
the technique useful for the evaluation of fatigue properties at the nano-level [32]. In 
this work, CSM technique was used to study the effects of multiple loading/unloading 
by changing the CSM frequencies and maximum indentation loads. 
 
Table 4.6 and Fig. 4.13 shows the r-values using CSM indentations for all 
indented surfaces, i.e., the unpoled and poled surfaces for (001)- and (011)-oriented 
PZN-PT single crystals. The following should be noted: 
a) At CSM frequencies of 0 Hz and 45 Hz, the poled surfaces (positive 
and negative surfaces) give a lower r-value compared to the unpoled 
surface, consistent with the findings from Section 4.2.1. Therefore, the 
indentation unloading for the poled surfaces is generally closer to the 






b) At the CSM frequency of 75 Hz, the r-value of the poled surfaces 
becomes not far deviated from that of the unpoled surface, if not higher. 
Hence, the application of a high CSM frequency at 75 Hz may result in 
a significant nano-fatigue effect for the poled surface. The exception is 
marked in Fig. 4.13(b). 
 
Table 4.6: r-values for (001) and (011) surfaces at a maximum indentation load of 
20mN and 50 mN. 
Sample 
r at a maximum load of 20 mN 
(nm) 
r at a maximum load of 50 mN 
(nm) 
0 Hz 45 Hz 75 Hz 0 Hz 45 Hz 75 Hz 
(001) surface       
Unpoled 16 ± 2 14 ± 5 11 ± 5 12 ± 4 18 ± 8 18 ± 7 
Poled (Negative Surface) 13 ± 4 7 ± 4 13 ± 1 9 ± 6 13 ± 6 10 ± 7 
Poled (Positive Surface) 4 ± 4 5 ± 4 8 ± 6 4 ± 3 10 ± 8 9 ± 6 
(011) surface       
Unpoled 13 ± 8 24 ± 3 18 ± 5 22 ± 8 26 ± 6 24 ± 4 
Poled (Negative Surface) 11 ± 6 12 ± 8 19 ± 7 19 ± 11 15 ± 6 32 ± 7 








Fig. 4.13: r-value versus CSM frequency for (001) surfaces at a maximum indentation 
load of (a) 20mN and (b) 50 mN, and for (011) surfaces at (c) 20mN and (d) 50mN. 
The circled data show inconsistencies compared to the overall results. 
 
Since this parameter r could be attributed to a number of factors, as mentioned 
earlier, such as dislocation activities, domain switching and other intrinsic material 
properties, the contribution of the domain alignment can be established by subtracting 
the r-values for the poled and unpoled samples. The difference in the r-value is 
defined here as ∆r = runpoled – rpoled. The value of ∆r is shown in Fig. 4.14. While the 
parameter r is a measure of the elastic-plastic deformation caused by miscellaneous 









Fig. 4.14: ∆r versus CSM frequency: (001) surfaces at a maximum indentation load of 
(a) 20mN and (b) 50 mN, and (011) surfaces at (c) 20mN and (d) 50mN. The circled 
data show inconsistencies compared to the overall results. 
 
With the exceptions marked in Fig. 4.14, the ∆r values are consistently higher 
at all CSM frequencies used if the indentation is performed against the poling 
direction compared to along the poling direction. In other words, the domain 
contribution to elastic recovery is apparently more significant on the positive surface, 
consistent with the result shown in Fig. 4.11. Furthermore, the ∆r for both (001)- and 
(011)-oriented crystals significantly decreases at 75 Hz compared to those at 45 Hz. 
This decrease indicates that nanoscale fatigue may occur at higher CSM frequency to 
annihilate the influence of domain alignment, preventing further elastic recovery. The 







Overall, the results suggest that the CSM frequency has definite influences on 
the r-value of both unpoled and poled PZN-PT crystals. At high CSM frequency of 75 
Hz, stress-induced domain switching is evident and the contribution of domain 
alignment towards elastic recovery is inhibited, thus increasing the r-value and 
rendering ∆r-value to nearly zero. 
 
Nevertheless, the PZN-PT single crystal is an anisotropic material in terms of 
elasticity, dielectricity and piezoelectricity, and its domain formation is highly 
orientation dependent. These properties require analysis of a complex three-
dimensional anisotropic response under the indenter. Such a study usually needs 
theoretical supports from numerical simulation, for example, the finite element 
method (FEM). However, it is not clear how to apply the FEM simulation as the 
constitutive laws for a single crystal with domain formation are not available. 
Therefore, this remains an open question and more research is required to better 





The deformation behavior of (001)- and (011)-oriented solid solution single 
crystals of PZN-(6-7)%PT in both unpoled and poled states have been investigated by 
the nanoindentation technique. Material pile-up and local damage around the 
indentation impressions are observed, causing pop-in events in the nanoindentation P-
h curve. Detailed studies of the relationships among the indentation load (P), 






layer due to crystal fabrication processes, which possesses different mechanical 
properties from the interior. The thickness of this surface layer is estimated to be 
approximately 300 nm. It is found that the poled crystals have higher elastic modulus 
and hardness compared to those of the unpoled crystals, and the same also applies to 
the (011)-oriented crystals compared with their (001)-oriented counterparts. However, 
the hardness difference between the unpoled and poled PZN-PT single crystals is not 
significant at large indentation depths. 
 
The elastic-plastic deformation behaviors of the (001)- and (011)-oriented 
PZN-PT single crystals have also been studied by analyzing the unloading data. This 
elastic-plastic deformation is characterized by a parameter defined as r, which is 
related to domain switching activity and other intrinsic effects that leads to reduced 
elastic recovery upon the indentation unloading. With a higher r-value (i.e., farther 
from the pure elastic unloading behavior), the unpoled surface is more susceptible to 
the elastic-plastic effect than the poled surfaces. The poled positive surface, on the 
other hand, possesses a lower r-value compared to the poled negative surface. The 
larger elastic recovery rate at the positive surface may be due to the resistance of 
dipoles when the indentation is performed against the poling direction. However, this 
advantage of poling could be annihilated at high CSM frequencies, resulting in 
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Chapter 5: Domain Structures and Preferred Fracture Planes 
 
 
This chapter presents the implementation of Scanning Electron Acoustic 
Microscopy (SEAM) in visualizing domain structures of PZN-PT single crystals. 
Further comparison of surface and cross-sectional domain structures is made by using 
Piezoresponse Force Microscopy (PFM) and three-point bending techniques. Based 
on the results obtained from these three domain observation techniques, preferred 
fracture planes are determined and the mechanism of indentation-induced domain 
switching is discussed. 
 
 
5.1 Scanning Electron Acoustic Microscopy 
 
In this SEAM study, the (001)- and (011)-oriented samples are Samples A and 
C, respectively (Fig. 3.1). This experimental work and analysis was a joint effort with 
a final year student from Department of Mechanical Engineering (NUS) [1]. 
 
 
5.1.1 Preliminary Imaging and Suitable Frequency Range 
 
Fig. 5.1 shows the SEAM images of an unpoled (011)-oriented sample at 
varying frequencies. The Electron Acoustic (EA) images in Fig. 5.1(a) exhibit 
discernible characteristic, significantly different from their corresponding Secondary 






topography, the irregular island-like feature in the EA images is thus the subsurface 
domain structure of the sample. This complex pattern closely resembles that observed 
by Iwata et al. [2], who attributed the island-like pattern to 180° out-of-plane domains, 
i.e. the bright regions being c-domains having the tail of spontaneous polarization 
normal to the free surface, while the dark regions the corresponding antiparallel 
domains. Abplanalp et al. [3] also observed a similar pattern for PZN-8%PT. A line 
feature in upper left corner is visible in Fig. 5.1(a) which is not found in the SE image. 
It may represent some unidentified subsurface features. 
 
 
Fig. 5.1: (a) Comparison of SE and EA images taken at different frequencies for an 
unpoled (011)-oriented sample; and (b) the images taken at a different position for the 
same sample. 
 
Fig. 5.1(b) was taken from a different region of the same sample. Unlike Fig. 
5.1(a), no island-like feature is found in this case. The bright regions generated by 






noted that the parallel lines in the EA images in this figure may or may not represent 
just subsurface regions, as the same line feature can also be found in the SE image. 
 
Furthermore, Fig. 5.1(b) reveals an interesting change of domain contrasts 
under different modulation frequencies. It is noted that the irregular bright contrast 
appeared in the middle of the EA image at 156.3 kHz (circled) turns to dark contrast 
at 396.3 kHz. From the above results, the frequency characteristic in EA imaging of 
ferroelectric domains might be identical for both bright and dark regions to represent 
the same degree of acoustic signal. If the bright region corresponds to a region with 
strong acoustic signal, the dark region might be interpreted as the area with strong 
reverse acoustic signal from that of bright region. Therefore, it may not be practical to 
solely interpret the dark region as an indication of the area with less acoustic signal. 
 
Generally speaking, the features revealed in the EA images do not 
significantly change with respect to modulation frequency, except that the most 
pronounced contrast is observed between frequencies of 130 to 170 kHz, as shown in 
Fig. 5.1. This may be attributed to the fact that the PZT transducer used in this 
experiment has a measured acoustic resonance of approximately 140 to 150 kHz. 
 
Upon establishing SEAM being suitable for revealing the domain structure, 
subsequent images were taken for samples under different orientations and poling 
conditions, i.e. optimally poled (011)-oriented, unpoled (001)-oriented, and optimally 
poled (001)-oriented crystals. The images were captured at a much narrower range of 






Table 5.1: Properties of flux-grown (001)- and (011)-oriented PZN-(6-7)%PT used in 



















(001)-Oriented (Sample A)a 
1 77.35 87.09 7007 -1404 0.512 
2 78.36 86.53 6126 -1235 0.472 
3 79.52 89.26 7103 -1455 0.506 
4 80.28 88.30 6123 -1199 0.463 
5 74.19 80.18 6649 -1230 0.422 
6 77.05 84.87 5948 -1271 0.466 
(011)-Oriented (Sample C)b 
7 65.81 96.11 3559 -2236 0.818 
8 62.57 107.66 4541 -3253 0.923 
9 55.35 108.38 5073 -3181 0.989 
10 55.71 101.16 5481 -2955 0.952 
11 67.25 109.10 3878 -2412 0.889 
 
a Optimally poled properties: KT ≈ 6800 – 8000, d31 ≈ -(1400 – 1800) pC/N, k31 ≈ 0.50 [4] 




5.1.2 Poled and Unpoled (011)-Oriented Crystals 
 
 
Fig. 5.2: (a) SE and EA images for (011) surface of a poled (011)-oriented sample; 








Figs. 5.2(a) and 5.2(b) shows the domain walls revealed from the positive 
surface of poled (011)-oriented sample. They appear as intersecting bright lines, cris-
crossing at angles of 110°/70° to each other. This feature is similar to the crossing 




Fig. 5.3: (a) Possible domain orientations of rhombohedral and orthorhombic phases 
after poled to [011] direction; and (b) projection of polarization vectors and domain 
walls on (011) surface of the sample. 
 
Fig. 5.3(a) illustrates possible domain states remained for rhombohedral and 
orthorhombic phases after poling along the [011] direction. Domain wall is formed by 
a symmetry plane between two polarization vectors. The predicted orientation of the 
permissible domain walls on (011) surface are shown in Fig. 5.3(b). The intersecting 






permissible charged 90° walls for orthorhombic phase with a head-to-head or tail-to-
tail configuration. As the crystal structure of PZN-PT is predominantly rhombohedral 
at room temperature, this finding supports the presence of orthorhombic phase in 
rhombohedral matrix, which is consistent with hypothesis drawn by Rajan et al. [4]. 
 
If the image of poled (011)-oriented crystal is compared to that of the unpoled 
crystal, as shown in Fig. 5.1(a), the poled crystal apparently exhibit a more arranged 
alignment of domains compared to the irregular island-like feature in the unpoled 
state. This observation confirms that the island-like domain structures in the unpoled 
state pertains to 180° antiparallel domains which are eliminated by the poling process. 
 
 
5.1.3 Poled and Unpoled (001)-Oriented Crystals 
 
Fig. 5.4 shows the EA images for poled (001)-oriented crystals from three 
orthogonal {100} faces. It is observed that the domain walls on (001) surface seem to 
form along [010] directions [Fig. 5.4(a)]. The domain orientation can be again 
illustrated by adopting the same prediction technique in Fig. 5.3, as shown in Fig. 5.5. 
The dark and bright regions in Fig. 5.4(a) agree well with the trigonometric projection 
of domain walls in Fig. 5.5, which are also consistent with the images of domain walls 
observed by Yin et al. [6]. In addition, the size between two parallel regions is found 
to be about 70 µm, conforming to the width of the domain which is estimated to be 






be unambiguously specified from Fig. 5.5(a), as they may be comprised of uncharged 
or charged walls of the rhombohedral phase. 
 
 
Fig. 5.4: SE and EA images for (a) positive (001) surface, (b) (010) surface, and (c) 








Fig. 5.5: (a) Possible domain wall orientations of rhombohedral phase after poled to 
[001] direction; and (b) corresponding projection of polarization vectors on (001) 
surface of the sample. 
 
In contrast, domain walls revealed from (010) and (100) surfaces, shown in 
Fig. 5.4(b) and 5.4(c), respectively, appear to emanate at two directions; one forms at 
45° from [100] direction and another one follows [100] direction. For 3m transition 
shown in Fig. 5.5, horizontal domain walls along [100] may be developed by the 
conjunction of 109° domains with polarization directions of <111> to form a head-to-
tail arrangement of the dipoles. The prediction is also able to explain the existence of 
domain walls that extend 45° from [100] direction on (100) and (010) surfaces. These 






appear to be 45° from [100] or [010] directions when projected onto (100) or (010) 
surfaces, respectively. Nevertheless, from Figs. 5.4(b) and 5.4(c), it is noticeable that 
only uncharged walls with polarization dipoles that form a head-to-tail configuration 
are observed in practice regardless of 109° or 71° domain walls. This may be due to 
lower energy nature of the head-to-tail configuration compared to that of the head-to-
head or tail-to-tail configurations [8]. Apart from clear lines of preferred domain walls, 
As both (010) and (100) surfaces exhibit the same domain characteristic, this finding 
suggests that the EA images of (001)-oriented crystals are, in fact, identical for (010) 
and (100) surfaces. 
 
Fig. 5.6 shows the EA images for unpoled (001)-oriented crystals from three 
orthogonal {100} faces. The image on (001) surface does not seem to exhibit much 
meaningful feature; however, those on (010) and (100) surfaces basically resemble the 
same characteristic as the poled (001)-oriented crystals, i.e. domain walls lie along 
45° from [100] direction. This finding suggests that, for unpoled samples, the 
configuration of domains in spontaneous dipole direction still yields domain walls 
aligning preferentially along the same orientation. The only feature distinguishing the 
unpoled and poled samples is the irregular island-like feature found in Fig. 5.6(b), 
which has been interpreted as 180° antiparallel domains. 
 
Both Figs. 5.4(a) and 5.6(a) show certain bubbles-like features observed in the 
SE imaging. These “bubbles” appeared only after a period of time under SEAM, 
approximately 1 minute. This occurrence may be due to delamination of the sputtered 
gold on the sample surface upon heating when the electron beam strikes the sample. 






originate from is definitely beyond the thickness of the gold coating, the bubbles are 
assumed to impose no effect on the EA image of the underlying domain, and the 
current result also suggests that the “bubbles” have no effects on the SEAM images. 
 
 
Fig. 5.6: SE and EA images for (a) (001) surface, (b) (010) surface, and (c) (100) 









5.1.4 Stress-Induced Domain Switching 
 
 
Fig. 5.7: SE and EA images for the (001)-oriented sample: (a) unpoled surface, (b) 
positive surface, and (c) negative surface after Vickers indentation. 
 
 
Figs. 5.7 and 5.8 show the SE and EA images of the Vickers indentation made 
on (001) and (011) surfaces of the PZN-PT crystals, respectively. It can be seen from 
the SE images that all the indentations produce plastic deformation, and lateral cracks 
are observed from the indentation impressions. The domain structures near these 






alternate bright and dark contrasts are observed in the EA images. The alteration of 
initial domains is especially pronounced in Fig. 5.8(c). The areas far from the 
indentation sites on poled (011) negative surface possess clear domains about 10 µm 
in size with the domain walls lying along the [011] direction, whereas the areas 
around indentation impression show a two-fold symmetrical butterfly pattern. This 
butterfly pattern is similar to that in PMN-PT single crystals observed by Yin et al. [6], 
and represents the zone within which domain switching is promoted by localized 
stress field of the indentation.  
 
 
Fig. 5.8: SE and EA images for the (011)-oriented sample: (a) unpoled surface, (b) 






For both unpoled and poled (001) surfaces, it could be seen that the stress-
induced domain switching zone extends much further than the region of the 
indentation crack. This means that, the stress required for domain switching is lower 
than the yield strength of the crystal. Therefore, domain switching would have 
occurred before plastic deformation could take place; this observation is consistent 
with the study on PMN-PT by Shang and Tan [9]. On the other hand, it is noted that 
the stress-induced zone stretches along four diagonal directions, i.e. <110> directions. 
A recent study by Zeng et al. [10] showed that the shape and orientation of these 
bright zones appeared to be identical even if the indenter was turned 45° from the 
original position. A similar observation was also reported by Shang and Tan [9] in 
PMN-PT single crystal. These findings suggest that the domains have a fixed 
preferential switching pattern and direction under stress, independent of the 
orientation of the indenter. It should be noted that these <110> directions are 
permissible extension directions of the domain walls, as shown in Fig. 5.5. Hosono et 
al. [11] reported that the crack advanced favorably parallel to domain wall direction 
but was restrained when the crack collided with the wall. Therefore, domain switching 
processes may have the same characteristic with the preferred cracking direction, in 
that both extend parallel to the domain walls. For (001) surface of PZN-PT, the 
preferential cracking direction is along the <110> directions. The present results on 
(011) surfaces of the samples show that domain switching zone extend in four 
diagonal directions, i.e. <111> directions. It is thus likely that preferential cracking 








By taking the mechanics approach of critical shear stress criterion on {100} 
surface proposed by Shang and Tan [9], indentation-induced domain switching occurs 





νPxy −=± ,        (5.1) 
 
where x and y are coordinate axes along <110> direction, P is the indentation load, ν, 
the Poisson’s ratio, and τc, the constant critical shear stress to cause 90° domain 
switching in the {110} plane. By relocating the x and y-axes along [100] and [010] 











=−± .       (5.2) 
 
Eq. (5.2) agrees well with the observation where the switched zone tends to stretch to 
a maximum at four diagonal directions of the indented surfaces along the {110} 
surface traces, forming asymptotes at 45° to [100] direction. By measuring the 
dimension of the switched zone at a particular point along the parabola, the critical 
shear stress to initiate domain switching can be estimated. At y = 0 along the [100] 
direction, the switched zone [as shown in Fig. 5.7(a)] extends about 40 µm in the x-
direction from the centre of the indentation. Using Eq. (5.2), the critical shear stress 
for {011} plane of the PZN-PT is calculated to be 49 MPa, with the assumption of 
Poisson’s ratio of 0.25. This stress is considered reasonable compared to 61 MPa 






In the case of (011) surface, present results show that the switched zone tends 
to stretch along the <111> directions, with the asymptotes formed at 54.7° or 
( )2tan 1−  to [100] direction. However, these <111> directions are resemblance of 
{110} domain switching planes. By replacing asymptote of xy 2±=  into Eq. (5.2), 











2 ,        (5.3) 
 
where C is a constant as a function of { }110cτ . As can be seen from Fig. 5.8(a), the 
switched zone stretched about 43 µm from the indentation impression on (011) 
surface, not far deviated from that on (001) surface. Therefore, it is estimated that the 
critical shear stress to cause domain switching on the (011) surface closely resembles 
that in the (001) surface, i.e. ~ 49 MPa. 
 
However, unlike studies using polarized light microscope which observed four 
identical bright zones within two sets of hyperbolic boundaries [9, 10], in this study, 
only two counter regions appear to be bright while the other two zones are dark in 
contrast. The exception of this observation is only found on poled (011) negative 
surface as shown in Fig. 5.8(c). The dark region may be interpreted as area of 
different domain switching direction compared to the bright region. This domain 








5.2 Piezoresponse Force Microscopy 
 
The vertical PFM is based on the principle that ferroelectric domains with 
antiparallel polarization will expand/contract in an opposite direction, resulting in 
different phase angles detected in the vertical direction. For instance, the electric field 
and the piezoelectric signal are in phase (0° phase angle) if the polarization is pointing 
downward. Similarly, 180° phase angle will be detected if the polarization is pointing 
upward, in which the electric field and the piezoelectric signal are out-of-phase. 
Theoretically, the PZN-(6-7)%PT single crystals have a rhombohedral symmetry and 
their spontaneous polarization directions are along <111>. Hence, the antiparallel 
domains should be in the phase angle of 45°/-135°, 135°/-45° or equivalents with a 
phase difference of 180°, as discussed in Fig. 2.12. In this PFM study, the domain 
structures of the (001)- and (011)-oriented PZN-PT single crystals in both unpoled 
and poled conditions were investigated. The numerous sample orientations used in the 
experiments discussed in this section (Samples A to E) can be found in Section 3.1 
(Fig. 3.1).  
 
 
5.2.1 Crystal Orientation and Polishing Effect 
 
Figs. 5.9(a-c) show the respective PFM topography, amplitude and phase 
images of an unpoled (001)-oriented crystal (Sample A in Fig. 3.1). In the phase 
image which corresponds to the piezoelectric polarization orientations [Fig. 5.9(c)], 
small patches with converse contrast are observed. These patches can be regarded as 






within the range of 1 – 5 µm. Despite a rather irregular domain contour, the domains 
seem to align along the [100] direction, which is the polishing direction [Fig. 5.9(a)]. 
On the other hand, as shown in Fig. 5.9(f), the domains for an unpoled Sample B 
appear to be more dispersed and elongated along [110] direction, which is again the 
polishing direction as can be seen from scratch marks in the topography image [Fig. 
5.9(d)]. To further confirm this polishing effect, after the initial PFM images [Fig. 
5.9(d-f)], the same Sample B was then polished again in a different direction, i.e. [110] 
direction, using a SiC paper of 1 – 2 µm particle size, followed by PFM imaging. It is 
found that the domain patterns change to fine stripe-like lines aligned along the new 
polishing direction [110] [Fig. 5.9(i)]. Therefore, it may be concluded that the domain 
structures on the as-polished (001) surface of an unpoled PZN-(6-7)%PT single 
crystal typically resembles small patches of domains with opposite polarization, and 
they have a preferential orientation along the polishing direction. This agrees well 
with the observation by Chang et al. [12] which indicated that the polishing during the 
fabrication process might induce the realignment of the surface domain patterns. 
Furthermore, the domain size is comparable to those of PZN-8%PTs observed by 








Fig. 5.9: PFM images of the unpoled (001) surface of PZN-PT single crystals: (a) 
topography, (b) amplitude and (c) phase images of Sample A, polished along [100] 
direction; (d) topography, (e) amplitude and (f) phase images of Sample B, polished 
along [110] direction; (g) topography, (h) amplitude and (i) phase images of Sample B 
after re-polishing along [110] direction (field of view: 50 × 50 µm2). The change of 
the domain structures suggests that the domains are aligned along the polishing 
direction. 
 
However, a preferred orientation of the domains along {110} domain walls [2, 
13] is not observed in present study. This may be due to the fact that the PZN-8%PT 
used in other studies has a composition that lies on the MPB, resulting in a different 
crystal structure compared to those of <7% PT used in this study. According to 
various phase transition studies [4, 14, 15], PZN-8%PTs may have a predominantly 
monoclinic or orthorhombic structure, which act as a bridging phase between 
rhombohedral and tetragonal phases. It is thus not surprising if the domain 
characteristics of the crystals with these two compositions are different. The domains 






and hence are more prone to the polishing effect. This phase-dependent PFM results 
are also comparable to the observation on the melt-grown PMN-PT single crystals. 
For the rhomboheral-based PMN-PTs with 29%PT content, only irregular domain 
patterns are observed [3], but no observation thus far is reported on the polishing 
effect. When the PT content is raised to 30 – 35%, monoclinic-phase transition occurs 
and the regularity began to increase with a preferred alignment along <110>. By 
further increasing the PT percentage to the tetragonal-phase range (>35%), preferred 
domain alignment and distinguishable domain boundary were evident along <100> or 
<110> directions [16-19]. However, despite the expectation that the domain regularity 
is more pronounced with higher PT content, a more regular domain alignment has 
also been found in the crystals with low PT content (20%PT) [20-22]. This may be, 
again, due to a difference in the crystal structure system, since a slightly distorted 
pseudocubic phase has been identified for PMN-PT of <25%PT content [23, 24]. 
  
The small patches of domains in Sample A are then further imaged at a higher 
magnification [Figs. 5.10(a-c)]. From the amplitude image of Fig. 5.10(b), it is 
noticed that the amplitude values are nearly the same in the internal regions of 
bright/dark domains, but a sharp decrease is found with darker contrasts near the 
domain wall regions. As the amplitude represents the magnitude of the piezoelectric 
coefficient, the piezoelectricity at the domain walls is obviously lower than that in the 
internal of the domains. This is consistent with the finding by Yu et al. [18] on 
tetragonal PMN-40%PT single crystal. Furthermore, although the particular 
bright/dark domains have the same direction of polarization, there is still a small 
difference in the amplitude contrast. As shown in Fig. 5.10(b), the domains, with a 






microscopically same direction of polarization. The domains are basically circular in 
shape with a width of approximately 100 nm. The amplitude image also indicates that 
these domains have a slightly larger response at the circular nanodomain boundaries, 
compared to that at the domain cores. 
 
 
Fig. 5.10: PFM images of the unpoled (001) surface for Sample A: (a) topography, (b) 
amplitude and (c) phase images in as-polished condition (field of view: 10 × 10 µm2); 
the as-polished surface demonstrates small patches of antiparallel domains, which are 
clusters of nanodomains about 100 nm in size; (d) topography, (e) amplitude and (f) 
phase images in annealed condition (field of view: 5 × 5 µm2); the annealed surface 
shows fingerprint-like feature, about 100 nm in size; and (g) phase angles distribution 
from images (c) and (f).  
 
The distribution of the phase angles in Fig. 5.10(c) is plotted as a histogram in 






which constitutes a phase difference of ~130°. These angles are, however, slightly 
deviated from what is expected from the theoretical expectation. The discrepancy 
between the experimental and the theoretical values is perhaps due to the distortion of 
the crystal structure caused by the polishing process. This surface structure distortion 
is thought to be the reason for the existence of a minor peak besides the major peak in 
the XRD analysis [12]. To verify that this phase deviation is indeed caused by the 
stressed structure, an as-polished Sample A was then annealed at the temperature of 
257 °C for 30 minutes, followed by the PFM imaging for a comparison with that of 
the as-polished sample, and the results are shown in Figs. 5.10(d-f). It is interesting to 
notice that despite the similarity of a different contrast of the antiparallel domains, the 
width of the domains on the annealed surface becomes very small, about 100 nm, 
unlike its as-polished counterparts. This value is quite close to the average size of the 
fine domains observed by Bdikin et al. [25], approximately ~65 nm. The 
corresponding phase angles for the annealed surface, as shown in Fig. 5.10(g), are      
-40°/130°, with a phase difference of nearly 180°. Since this phase difference agrees 
well with the theoretical value, the offset of ~5 – 10° in the phase angle compared to 
the theoretical prediction is most likely caused by the small phase shift of the system-
inherent background, originating from the read-out electronics [26]. Therefore, the 
phase difference between the as-polished and annealed (001)-oriented surface 
suggests that the mechanical strain effect imposed by the polishing may result in a 
deviation of the 180° phase difference for the antiparallel polarization. When the 
surface compressive stress due to the polishing is relieved by thermal annealing, the 
phase difference of the antiparallel domains is close to the theoretical value of 180°, 







In general, there are three main factors influencing the polar structure in 
relaxors, i.e. (i) minimization of the depolarization field energy to form 180° domains; 
(ii) the influence of random fields*
20
, which break domains into smaller entities; and (iii) 
minimization of mechanical stress, which is achieved by the formation of ferroelastic 
domains (twins) [ ]. Among these factors, it is commonly accepted that the second 
one is the acting factor of the reorientation and merging of the polar nanoclusters [19, 
20], which may attribute to the spatial inhomogeneity of the domains as demonstrated 
in Figs. 5.10(c) and 5.10(f). Specifically, PZN is a typical relaxor in which the 
formation of long-range ferroelectric order under zero-field-cooling is prevented by 
random fields induced by built-in charge disorder. However, the other component, PT, 
favors the long-range ferroelectric order with the presence of highly polarized Ti4+ 
ions. Therefore, the ordering structure of the PZN-PT system is a trade-off between 
the relaxor influence and the polarized ion effect [19, 25]. Our results suggest that for 
as-polished samples, the interaction between nanopolar clusters dominates over 
random field arising from structural irregularity. Hence, the mechanical polishing 
process may induce a polarized effect on the surface layer which inhibits the influence 
of the random internal field. As a consequence, the ferroelectric interaction between 
the nanometer-sized domains is enhanced, promoting the reorientation and merging of 
these nanodomains into long-range ordering structures along the polishing direction. 
On the contrary, for the annealed samples as shown in Fig. 5.10(b), the fingerprint-
like feature reflects the existence of short-range order manifested in the formation of 
nanopolar domains, due to a domination of the relaxor feature in the zero-field-
cooling state.  
                                                 
* For relaxor PZN with perovskite structure (ABO3), the random field is caused by charge disorder of 
randomly distributed Zn2+ and Nb5+ cations on the B-sites, which results in eight possible spontaneous 







Fig. 5.11: PFM images of the unpoled (011) surface for Sample C: (a,d) Topography, 
(b,e) amplitude and (c,f) phase images under the field of view of 10 × 10 µm2 and 2 × 
2 µm2, respectively. The domains appear to be uniform lines of 100 nm in width, 
aligned along [011] direction. 
 
Apart from the (001)-oriented PZN-(6-7)%PT samples, the (011)-oriented 
samples are also imaged for a comparison. As mentioned before, a clear PFM image 
of the (011) surface is relatively difficult to obtain using the same cantilever (42 N/m) 
used for the (001)-oriented crystals. Therefore, a more sensitive probe with a spring 
constant of 2 N/m is used for imaging the (011)-oriented samples. As shown in Fig. 
5.11, the domain structures for Sample C are significantly different from those 
observed on Samples A and B. There are no small patches of domains with opposite 
polarization, but the structures are mainly comprised of stripe-like patterns, which are 
prevailingly uniform lines along the [011] direction. It should be noticed that this 
[011] direction is one of the permissible domain wall directions on the (011) surface. 
The width of these domains is very small, typically about 100 nm. It is noticed that 
the domains are in a relatively long and continuous shape, compared to an almost 
circular shape on the (001) surface as shown in Fig. 5.10(b). Another feature that 






seems to impose no effect on the domain structures of the (011) surface, since the 
domain alignment is actually perpendicular to the polishing direction. Furthermore, 
despite the different contrast shown in Fig. 5.11(c) which is interpreted as antiparallel 
domains, the phase difference is obviously far less than 180°. The cause to the 
formation of this stripe-like structure in (011)-oriented crystals will be discussed in 
Section 6.1. 
 
Overall speaking, the PFM domain observation results are, in fact, different 
from those obtained using through-transmission technique such as Polarized Light 
Microscopy (PLM) [7]. The domain images obtained by the optical method showed 
certain permissible domain walls which were unaffected by the polishing effect. A 
possible explanation to this phenomenon is that the through-transmission techniques 
provide a representative of averaged domain structures throughout the specimen 
thickness, whereas the PFM images reflect only the ferroelectric domains near the 
surface areas of ~10 nm depth profile [27]. 
 
 
5.2.2 Poling Effect 
 
Apart from the PFM images of the unpoled samples, domain structures of the 
poled (001)- and (011)-oriented PZN-PT are also observed using the PFM, as shown 
in Fig. 5.12. After out-of-plane poling, domains with the opposite polarizations no 
longer exist. Instead, both the (001) and (011) surfaces are dominated by domains 
with the same direction of polarization. It is noted that, in the phase images for the 






one polarization direction, whereas the phase image for the poled crystal shows ~90% 
of domains in one single polarization direction [Fig. 5.12(c) and Fig. 5.12(f)]. This 
indicates that the polarization has appreciably reoriented the domain structures on the 
(001) and (011) surface.  
 
 
Fig. 5.12: (a) Topography, (b) amplitude and (c) phase images of Sample A after out-
of-plane poling (field of view: 50 µm); (d) topography, (e) amplitude and (f) phase 
images of Sample C after out-of-plane poling (field of view: 10 µm). 
 
On the other hand, traces of the initial domain walls are still found in the 
amplitude image for the (001)-oriented crystals [Fig. 5.12(b)], even all the domains 
are electrically polarized to one direction. These sites may act as nucleation spots for 
the antiparallel domains if the poling effect is diminished upon heating to Curie 
temperature. Furthermore, as shown in Figs. 5.12(b-c), nanodomains are not found on 
the poled crystal. For the unpoled crystals, although the particular bright/dark regions 
in Fig. 5.10 are comprised of domains with the same spontaneous polarization 










5.2.3 Indentation Effect and Material Flow Directions 
 
 
Fig. 5.13: PFM images of Berkovich indentations on unpoled samples: (a) 
Topography, (b) amplitude and (c) phase images of the (001) surface (Sample A) and 
(d) Topography images of (011) surface (Sample C) (field of view: 50 × 50 µm2); a 
cross-like pattern of protrusion is found to emanate from the center of the indentation 
site; and (e) the corresponding height values along three line-scans in image (a). The 
square box indicates the reference point shown in image (a). 
 
In order to investigate stress-induced domain switching, the unpoled PZN-PTs 
are subjected to nanoindentation with a standard Berkovich tip, followed by PFM 
imaging. From the topography image in Fig. 5.13(a), a cross-like pattern seems to 
emanate from the center of the indentation site to the diagonal directions of the image, 
which are <110> traces for the (001)-oriented crystals (45° from [100]). Similar 






[100]), as shown in Fig. 5.13(d). The horizontal bright line in the middle of the 
topography images is an artifact due to a sudden change of height and it remains 
horizontal even after a different angle of scanning. The <110> and <111> traces are 
consistent with the indentation-induced domain switching directions observed using 
the SEAM technique. In this study, the PFM scan have been performed on both the 
unpoled and poled samples, indented using a Vickers indenter and with different 
orientations of the indentation (not shown here), but an identical domain switching 
pattern is still observed. This implies that such pattern is an intrinsic feature of the 
crystal and that the domains have a fixed preferential switching direction under stress, 
independent of the type/orientation of the indenter tip and the poling condition. A 
cracking study on barium titanate single crystals also showed that the preferred 
cracking pattern had no relations to the specimen size, indenter type, and poling 
condition but intrinsic feature of crystallography [28]. As indicated in Fig. 5.13(e), 
line-scans near the indentation site show a few nanometers change in height. The 
bright line along diagonal directions constitutes an increase of the topography, 
whereas the darker region within the indentation stress zone shows a decrease in 
height. This topography change seems to be particularly notable near the indentation 
site. For example, in Fig. 5.13(a), line-scan (1) shows an increase of ~5 – 7 nm on the 
diagonal lines whereas the darker region within the two lines is ~8 nm lower than the 
surface to the far left/right end. However, the increase of the height on the diagonal 
lines begins to reduce to ~3 nm when the area is slightly off the indentation site [line-
scan (2)], and no significant change in the topography is found in the area far from the 
indentation impression [line-scan (3)]. Similar material pile up has been observed by 
Yu et al. [29] using acoustic-mode Atomic Force Microscopy on tetragonal-based 






showed the same characteristic of material displacement under indentation loading, in 
which material pile up was found along the <110> directions, and sinking in was 
observed along the <100> direction. The protrusion was attributed to the pile up of 
edge dislocations while the sinking in was probably due to screw dislocations 
displacing the material into the bulk [31]. 
 
Despite the topography change due to the nanoindentation, domain switching 
in diagonal directions is not observed from the phase image, which yields the 
information of the out-of-plane polarization direction [Fig. 5.13(c)]. Since indentation 
has been reported to cause domain switching using the SEAM and other observation 
techniques [9, 29], it is thought that the switching may only occur in lateral direction, 
which is not evident from our vertical PFM. In addition, Fig. 5.13(b) shows that the 
indented area has a darker contrast compared to the surroundings. As the amplitude 
image corresponds to the normal piezoelectric coefficient, this difference in contrast 
suggests that localized depolarization may occur in the indented area. Alternatively, it 
may be also caused by a disorder in the topography. Overall, a difference in the 
domains response to the stresses imposed by polishing process and indentation is 
observed. The polishing process would only tend to align the domains towards its 
direction, probably due to the material’s “softer” nature in rhombohedral phase 
towards large-area distributed load. On the contrary, a concentrated indentation load 









Fig. 5.14: Optical microscopy images of a Vickers indentation impression on: (a,b) 
(001) surfaces (Sample A and B), and (c) (011) surface (Sample C) with the load of 1 
N. Lateral and radial cracks formed are highly anisotropy and may be related to the 
slip systems of the crystals. 
 
Fig. 5.14 shows the cracking directions when the PZN-PT single crystals are 
subjected to Vickers indentation with a higher load of 1 N. For the (001)-oriented 
crystals, lateral and radial cracks are observed along <110> and <100> directions, 
respectively [Figs. 5.14(a-b)]. Similarly, the (011)-oriented crystals demonstrate a 
preferred cracking direction of <111> for lateral cracks and <100> for radial cracks 
[Fig. 5.14(c)]. The observation suggests that this cracking is highly anisotropy and 
closely related to the slip systems of the crystals. However, the slip planes under 
stress can be hardly concluded as the simple material flow planes of {110} and {111} 
could cause the same observed phenomenon of lateral cracks. It is therefore essential 
to examine the slip planes of the PZN-PT single crystals. In this study, three-point 











Fractography technique is not widely used as a domain observation method, 
although it has been successfully demonstrated to reveal the domain structures on 
PZT ceramics [32]. This is probably because it is a destructive test and, contrary to 
the PFM, does not provide other information such as the dipole orientation. However, 
it should be noted that the domains observed on the fracture surfaces are, in fact, 
located perpendicular to those observed from the PFM. Therefore, by combining these 
two techniques, a three-dimensional domain structure can be visualized. In this study, 
three-point bending is adopted to produce the fractured sample by carefully 
controlling the displacement rate during loading. 
 
 
5.3.1 Domains on Fracture Surfaces 
 
Fig. 5.15 demonstrates (100) and (110) fracture surfaces of the unpoled 
Sample A and B, respectively. On the (100) fracture surface, distinguishable regions 
formed at 45° to the [010] direction are observed besides some radial ridges [Fig. 
5.15(a)]. These 45°-lines are interpreted as the domain walls formed by antiparallel 
domains. However, a higher magnification image of such regions does not provide 








Fig. 5.15: Fracture surfaces of (001)-oriented crystals: (a,b) (100) plane of Sample A 
and (c,d) (110) plane of Sample B at different magnification levels. The fracturing 
direction is from the top to the bottom. Distinguishable domain regions and 
intersecting twins are observed. 
 
In contrast, the distinguishable regions are not evident on the (110) fracture 
surface; only some radial ridges spread outwards from the indentation site [Fig. 
5.15(c)]. In a higher magnification image [Fig. 5.15(d)], some locations of the (110) 
fracture surface show intersecting twins, which represent a network of four different 
domain states. The intersecting angles are reasonable because the lines are formed 
close to 109°/71° at 35° from <110> directions, consistent with the permissible 
domain wall angles formed on the (110) surface. Similar intersecting domains were 
also observed on the (001) surface by Yin and Cao [7] using PLM, with the 
intersecting angles of 90°/90°. Such configuration is thought to be found only in small 
regions since the intersection of ferroelectric walls is energetically unfavorable. The 







As a comparison, the (100) and (011) fracture surfaces for Samples C and D 
were also imaged, as shown in Fig. 5.16. The (100) fracture surface of Sample C is 
found to clearly provide a representation of the domain structures, as can be seen from 
Figs. 5.16(a-b). Domain walls are observed to be oriented along <001> direction or 
45° from the [011], and distinguishable domain patterns are found on the two sides of 
the domain walls. These domain patterns resemble semi stripe-like structure along the 
<100> direction and stripe-like structure along the <110> direction. It is believed that 
the adjacent domains, having the same orientation, are clusters of non-parallel 
domains with head-to-tail configuration. Hence, these semi-stripe and stripe-like 
structures could be the domains with [111]/[111] or [111]/[111] polarization (180° 
domain walls), [111]/[111] (71° domain walls) or [111]/[111] (109° domain walls) 
and equivalent polarizations, aligning in a preferred orientation along permissible 
domain wall directions. The domains observed from the fracture surface have a width 
of approximately 100 nm. On the other hand, Figs. 5.16(c-d) show the (011) fracture 
surfaces of Sample D. In macroscopic scale, there is no indication of domain walls 
except denser radial ridges spreading along the fracturing direction. However, at a 
higher magnification, uniform lines are found to be aligned along 55° from the [100] 
direction. This orientation is, again, consistent with the theoretical domain wall 
configuration of rhombohedral phase on the {110} planes. The domain width is found 







Fig. 5.16: Fracture surfaces of (011)-oriented crystals: (a,b) (100) plane of Sample C 
and (c,d) (011) plane of Sample D at different magnification levels. The fracturing 
direction is from the top to the bottom. Stripe-like domains are found to align along 
permissible domain wall configuration with a width of ~100 – 200 nm. 
 
Therefore, the fractography results indicate that, if a bulk piezoelectric sample 
is fractured in a carefully-controlled way, it would reveal the domain patterns under 
normal SEM observation. However, although fractography is proven to be a valid 
technique for bulk domains observation, its interpretable domain structures are 
difficult to obtain if the fracture conditions are not correctly set. 
 
It is necessary to have careful comparisons between the internal domains 
(observed from fracture surfaces) and surface domains (observed using PFM), as 
these two types of domains may possess different surface and internal field energy. 
For example, on the {001} surface, domain walls of the single crystals are not evident 
from the polishing surface using PFM [Fig. 5.9(c)], but it can be clearly observed 






domains and the very regular cross-sectional domains is probably due to stress 
compensation near the surface and internal region. In the internal region far from the 
surface, the domains are self-assembled to a preferred orientation in order to minimize 
elastic strain energy associated with mechanical constraints during paraelectric-
ferroelectric transition. This forms a very regular domain patterns along permissible 
domain directions. However, for rhombohedral-based PZN-PT single crystals, this 
elastic energy effect may be preceded by the mechanical strain effect near the surface 
region, caused by the compressive surface stress due to the polishing in the fabrication 
process. The surface stress may stabilize the rhombohedral ferroelectric domains 
without ever self-assembling to a preferred ferroelectric orientation of lowest elastic 
energy state. This causes the extinction of domain walls on the surface domains for 
the rhombohedral-based PZN-PT single crystals. However, it is expected that with 
increasing PT content towards monoclinic or tetragonal phase, the lattice parameter in 
term of c/a ratio becomes significantly high so that the minimization of elastic energy 
becomes favorable compared to the surface stress effect. Therefore, unlike their 
rhombohedral-based counterparts, the surface domains of the monoclinic- or 
tetragonal-based single crystals remain preferentially oriented along permissible 
domain wall directions, as reported by other researchers [2, 13]. 
 
Furthermore, the domains observed from the fracture surfaces, as found in 
Figs. 5.15(d), 5.16(b) and 5.16(d), have a domain width of approximately 100 – 200 
nm. This is consistent with the size of the nanodomains found in as-polished and 
annealed Sample A using the PFM technique [Figs. 5.10(c) and 5.10(f)]. Therefore, in 
a three-dimensional crystal, the domains on fracture surface are located at the interior 






very regular domains on the fracture surface may indeed correspond to the PFM-
imaged domains with different out-of-plane polarization. However, the PFM-imaged 
domains on the top surface could merge and form a larger cluster as explained in 
Section 5.2.1, while the internal domains at fracture surfaces may not due to the 
constraint of a higher elastic energy state. 
 
 
5.3.2 Poling Effect 
 
The fracture surfaces of the poled crystals are shown in Fig. 5.17. For Sample 
A after poling, fracture patterns are still formed along permissible domain wall 
directions, i.e. <110> [Fig. 5.17(a-b)], consistent with that in unpoled condition. 
Similarly, Sample C demonstrates smooth fracture surface, and fracturing lines are 
formed along <100>, which is one of the permissible domain wall directions [Fig. 
5.17(c-d)]. River pattern is also found, indicating the presence of localized mode I/III 
conditions during crack growth [33]. This feature may be formed due to the 
misalignment of the sample during the three-point bending, which has produced a 
small tearing stress during the fracture process. In other occasions, layer-like patterns 
are observed along the <110> direction [Fig. 5.17(e-f)]. This layer-like structure is 
only found on the plane where the fracturing is almost complete. Therefore, they may 
be associated with the instable fracture during the later stage of the three-point 
bending when a significant crack has been formed. Nevertheless, there are no 
evidence of any submicron and nanodomains and, hence, single domain states may be 








Fig. 15.17: (100) fracture surfaces of (a) (001)-oriented crystals (Sample A) and (b,c) 
(011)-oriented crystals (Sample C) at different magnification levels. The fracturing 
direction is from the top to the bottom. 
 
 
5.4 Preferred Fracture Planes 
 
A particular interesting observation is found by fracturing Sample E, as shown 
in Fig. 5.18. The sample shown here is a poled one because it provides a clearer 
picture of the fracturing characteristics compared to the unpoled samples, but this 
poling should not cause any effect to preferred fracture planes according to the 






noticed that the sample does not break into two halves through a straight line along 
[211] direction; the fracture path is tilted at certain angles. The top view of the 
fracture piece is shown in the optical microscope image in Fig. 5.17(a), revealing a 
misaligned and zigzag cracking path after fracture. Hence, its fracture surface shows a 
serrated pattern as shown in Figs. 5.17(c-d), demonstrating a huge difference with the 
relatively smooth fracture surfaces found on the {100} and {110} surfaces of Sample 
A to D. This further indicates that preferred cracking orientations exist for the PZN-
PT single crystals, which are [111] direction, at 70° from the [111] direction, or [100] 
direction, at 50° from the [111] direction. However, the latter angle is thought to be 
formed due to tearing stress during the bending, and not due to the preferred fracture 
planes. Therefore, only the <111> directions are believed to be related to the material 
flow direction observed from the indentation site using the PFM, consistent to what 
showed in Fig. 5.13(d). 
 
Considering the fracture pattern in three dimensions, if the preferred cracking 
paths and the materials flow planes are indeed {111}, straight fracture lines along the 
fracturing direction should be found on the {111} fracture surface. This is, however, 
contradictory with the observation shown in Fig. 5.18(c), i.e., 60° fracture lines 
measured from <211> direction. Thus, the {111} planes are not the preferred fracture 
planes for the PZN-PT single crystals. From the fractography observation in Figs. 
5.15-5.17, we can then deduce that the preferred fracture planes should be {100} or 
{110} due to smoother fracture surfaces. Fig. 5.18(b) schematically shows the angles 
formed by the fracture lines along the {100} and {110} planes on the {111} fracture 






measured from <110> directions, whereas the {110} would form 30° lines measured 
from the <110> directions (or 60° measured from the <211> directions). This 
suggests that the {110} is the preferred fracture planes on the {111} fracture surfaces, 
since the fracture lines are close to 60° measured from the <211> directions, and it 
could form cracking direction along <111> directions on the (011) surface. 
 
 
Fig. 5.18: Fracture surface observations for Sample E: (a) optical microscopy image 
showing the preferred cracking path on (011) plane; (b) schematic illustration of the 
intersection of {100} and {110} planes on the {111} plane; and (c,d) (111) fracture 
surface at different magnification levels. The fracturing direction is from the top to the 
bottom. 
 
In short, for Samples B, D and E, the preferred fracture planes are {110}, 
whereas the preferred fracture planes for Samples A and C are {100}. This variation 
may be due to a difference in fracture energy. For example, {100} planes are the easy 
fracture planes for Sample A and C due to their length orientation. The same 
explanation can be applied for Sample B and D which have preferred fracture planes 






favorable compared to the {100} on {111} planes because it has a shorter cracking 
path (60° measured from <211> compared to 30° for the {100}). By comparing all 
these observations to the indentation results in Section 5.2.3, the {110} planes are 
consistent with the material flow directions due to dislocation activities along slip 
planes around the indentation site [34], while the {100} planes seem to agree with the 
preferred direction along which radial cracks are formed. Therefore, the {110} planes 
are proposed to be the slip planes for the PZN-PT single crystals, while the {100} 
planes could be special cleavage planes caused by radial cracks due to tensile hoop 
stress [30], as shown in Fig. 5.14. 
 
Combining the hypothesis drawn in this section, the mechanism of the crystal 
response towards indentation loading can be envisaged. Stress field is produced 
underneath the indentation and domain switching by mechanical stress occurs to 
minimize the localized stress change [29], forming hyperbolic butterfly loops 
observed in PLM [9] and also in SEAM. As the slip planes are thought to be {110} 
from the fracture surface observation, plastic deformation occurs and slip processes 
then set in. Material pile up and lateral cracks are found to emanate along {110} 
planes, most probably caused by dislocation glide on different {110}45 planes which 
kinks towards the surface [31]. This is followed by the formation of radial cracks 
along {100} cleavage planes, generated by tensile hoop stresses around the 










Domain structures of (001)- and (011)-oriented PZN-(6-7)%PT single crystals 
have been studied using Scanning Electron Acoustic Microscope (SEAM) technique. 
The domain observation reasonably agree with the trigonometric projection of domain 
walls formed by rhombohedral and orthorhombic phases, respectively, on the (001) 
and (011) surfaces. After mechanical loading with microindentation, domain 
switching is observed to form a hyperbolic butterfly shape and extend preferentially 
along four diagonal directions, i.e. <110> on (001) surface and <111> on (011) 
surface. The critical shear stress to cause domain switching for PZN-PT crystal is 
estimated to be approximately 49 MPa for {110} switching plane based on theoretical 
analysis. 
 
As a comparison, Piezoresponse Force Microscopy (PFM) and three-point 
bending technique have been used to characterize surface and internal domains of 
PZN-PT single crystals, respectively. The unpoled (001) surface is generally 
comprised of small patches of antiparallel domains, which are preferentially oriented 
along the polishing direction. These patches appear to be clusters of nanodomains, 
~100 nm in size, with the same direction of polarization. On the other hand, the 
unpoled (011) surface exhibits stripe-like nanodomain patterns with a preferential 
domain alignment direction along [011], and there is no evidence of the influence 
from the polishing process. The size of these nanodomains agrees with that obtained 
from the domains observation on the fracture surfaces. However, the latter form 






between the surface and cross-sectional domains could be attributed to compensation 
between the surface stress effect and elastic strain energy. After out-of-plane poling, 
nanoscale domains for both the (001) and (011) surfaces disappear, demonstrating a 
nearly complete domain alignment in one single polarization direction. 
 
In addition, localized stress-induced domain switching process was also 
studied by applying indentations. The indentation-induced domain switching is 
independent of indenter orientation and poling condition. When an indentation load is 
applied, domain switching by mechanical stress then takes place to form hyperbolic 
butterfly shape without interrupting the out-of-plane piezoresponse. Plastic 
deformation and slip processes then set in along {110} planes, causing material pile 
up in a cross-like pattern. This generates tensile hoop stress to form radial cracks 
along {100} cleavage planes. The preferred fracture planes of {100} and {110} are 
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Chapter 6: Mechanical Polishing Effects 
 
 
Following the study of surface polishing effects on deformation characteristics 
and domain realignment of PZN-PT single crystals, a carefully-controlled polishing 
procedure was adopted to produce mirror finishing surface subsequent to the general 
sample preparation process in order to further understand the effects of the surface 
polishing. The mirror-finished samples were then characterized for their crystal 
structures, surface domain structures and mechanical properties using the XRD, PFM, 
and nanoindentation techniques, respectively. These characterization results showed 
that the additional polishing procedure can effectively remove the “surface deformed 
layer” induced by the general sample preparation process. The details of the removal 
process of this surface layer are described in Section 3.4. The (001)- and (011)-
oriented samples used for this study are Samples A and C, respectively (Fig. 3.1). 
 
 
6.1 Structural Characterization 
 
Fig. 6.1 shows XRD profiles and corresponding PFM topography and phase 
images for various as-polished and mirror-finished PZN-PT samples. For (001)-
oriented rhombohedral-based PZN-(6-7)%PT crystal, the “as-polished” surface 
(polished with various successively finer lapping films down to 1 µm in particle size) 
still contains scratch marks along the polishing direction, as can be seen from the 
PFM topography image in Fig. 6.1(a). The simultaneously acquired PFM phase image 






which are interpreted as antiparallel domains. They appear to be distorted along the 
polishing direction. This distorted structure causes a broad lower 2θ peak at around 
43.7° in the (002) XRD profile, other than the main peak at 44.7° [Fig. 6.1(a)]. The 
lower peak has been attributed to the existence of a polishing-induced surface layer 
composed of a highly stressed state of monoclinic symmetry [1]; its extent varies for 
different samples, possibly depending on the degree of the polishing processes. 
However, after further polishing to mirror finish (using polishing cloth and Al2O3 
slurry of 0.3 µm-particle size), this lower peak is successfully eliminated. 
Furthermore, the initial scratch marks are also removed from the PFM topography 
image; and the PFM phase image clearly shows distinguishable features. First of all, 
the domains are found to be smaller in size, approximately 1 – 2 µm in width, 
compared to about 5 µm caused by domain agglomeration in the as-polished samples. 
They may have a preferential orientation along certain directions, such as permissible 
domain wall directions [2]. Second, the topography is altered analogous to the phase 
or polarization direction. Hence, the domain structures can be observed using a 
normal scanning probe technique without applying etching or other additional 
modules such as PFM. This feature will be discussed in more detailed in Section 6.2 
associated with localized poling effects. 
 
A similar result is observed for (001)-oriented tetragonal-based PZN-9%PT 
crystals, as shown in Fig. 6.1(b). Before polishing to mirror finish, a broad shoulder 
arises at a lower 2θ value in the (002) XRD profile, apart from the two major peaks at 
44.4° and 44.9°, which correspond to a- and c-lattices. This shoulder, however, 






the other hand, uniform domain structures are also revealed in both the PFM 
topography and phase images, in contrast to the distorted and elongated domain 
structures along the polishing direction on the as-polished surface. Compared to those 
observed in the PZN-(6-7)%PT crystals, the PZN-9%PT crystals exhibit finer domain 
structures and much regular alignment. For example, within a scanning area of (50 × 
50) µm2, three distinguishable regions are found with clear domain boundaries along 
<100> direction. [Fig. 6.1(b)]. The domain patterns in these three different regions are 
considerably different. The domains in the upper part of the image (Region I) are 
aligned at approximately 45o to the <100> direction, whereas the domains in the lower 
part of the image (Region II) appear to be more random; the domains in the middle 
region are approximately 5 µm in width and aligned alone along the <100> direction. 
With an enlarged view, Region I shows submicron stripe-like structures, generally 
less than 1 µm in domain width, in alternate bright/dark contrast along <110> 
direction. These structures are “super-imposed” by a series of straight lines along the 
<100> direction, resulting in a discontinuous stripe-like pattern in microscopic view. 
This observation was consistent to the study of (001)-oriented tetragonal-based PMN-
40%PT [3] and their manifestation was thought to be an effective way to lengthen the 
domain walls while resuming the head-to-tail arrangement for stabilizing the domain 
structures. On the other hand, an even finer structure is found in Region II, in which 








Fig. 6.1: XRD profiles, PFM topography and phase images for as-polished and 
mirror-finished PZN-PT crystals: (a) (001)-oriented rhombohedral-based PZN-(6-
7)%PT single crystal (field of view: 50 × 50 µm2); (b) (001)-oriented tetragonal-based 
PZN-9%PT single crystal (field of view: 50 × 50 µm2). Enlarged topography areas for 
Regions I and II are shown with a field of view of 5 × 5 µm2 and 1 × 1 µm2, 
respectively. (c) (011)-oriented rhombohedral-based PZN-(6-7)%PT single crystal 
(field of view: 10 × 10 µm2). An enlarged phase area for Region A (field of view: 2 × 
2 µm2) is also highlighted. Arrows in all the three XRD profiles indicate a minor 






Fig. 6.1(c) shows a difference in domain structures of (011)-oriented 
rhombohedral-based PZN-(6-7)%PT before and after polishing to mirror finish. 
Before polishing to mirror finish, the (011) surface demonstrates almost featureless 
structures, except the very fine stripes along <110> direction (phase image). This 
stripe-like structure, about 80 nm in domain width, can be better observed in a smaller 
field of view by using a more sensitive probe of 2 N/m in stiffness, as shown in the 
enlarged area (Region A) highlighted in Fig. 6.1(c). Therefore, the domain features 
shown in the as-polished (011)-oriented crystals are significantly different from those 
in their (001)-oriented counterparts, which exhibits patches of antiparallel domains 
elongated along the polishing direction [Fig. 6.1(a)]. After polishing to mirror finish, 
the bright/dark contrast similar to that found in the (001)-oriented crystals appears, 
although a preferred domain orientation cannot be determined due to a smaller 
scanning size. In response to this change in the domain structure, the (022) XRD 
profile for the (011)-oriented PZN-(6-7)%PT crystals is also slightly affected. The 
XRD patterns in Fig. 6.1(c) show an insignificant broader shoulder in the XRD data 
for the as-polished crystal, but it subsequently disappears after polishing to mirror 
finish. Considering the triviality of this shoulder, the degree of surface distortion for 
the (011)-oriented crystals is thought to be less severe compared to that for the (001)-
oriented crystals. This may, in turn, explain their domain difference in the as-polished 
state prior to mirror finish. In general, ferroelectric materials exhibit a spontaneous 
polarization or local dipole moment (PS) along certain possible axes due to their non-
centrosymmetric structure at room temperature. Theoretically speaking, the PZN-(6-
7)%PT single crystals have a rhombohedral symmetry which allows spontaneous 
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For (001)-oriented crystals, all of the dipoles are aligned at 45° to the (001) surface. 
With compression forces induced by the polishing processes, the <111> dipoles may 
be distorted to form a monoclinic symmetry, resulting in domain agglomeration into 
larger clusters. In contrast, for (011)-oriented crystals, four of the possible dipoles, PII, 
PIII, PVI and PVII lie on the (011) surface. Hence, the polishing processes may only 
cause polarization rotation towards the (011) plane, minimizing the phase distortion. 
This results in the formation of a-a or a-c domains, which are not detectable using the 
vertical PFM in this study. As a consequence, the PFM images for the (011)-oriented 
crystals show no patches of antiparallel domains; the stripe-like structures could be 
due to minor distortion effect during the polarization rotation in the formation of the 
a-a or a-c domains, because their phase difference is far less than 180°. 
 
 Fig. 6.2 compiles the multiple PFM topography images to show the 
macroscopic surface domain structures. The images clearly demonstrate domain 
boundaries with distinguishable regions on the two sides. For the (001)-oriented PZN-
(6-7)% PT and PZN-9% PT samples, the domain boundaries are observed to be along 
the <100> direction. Consistent with those shown in Fig. 6.1, the domain size for the 
rhombohedral-based crystals [Fig. 6.2(a)] seems larger than that for the tetragonal-
based crystal [Fig. 6.2(b)]. However, there is a hierarchy of domain size and structure, 






domains in the hierarchy. Apart from that, a complex spatial inhomogeneity of 
ferroelectric domain structure can be observed from the left side of Fig. 6.2(a), in 
which smaller domains are merged to form larger clusters. This result is consistent 
with the spatial inhomogeneous domains found on the rhombohedral-based PMN-
30%PT [6], also discussed in Section 5.2.1.  
 
 
Fig. 6.2: Combined multiple PFM topography images in macroscopic scale (field of 
view of ~ 330 × 330 µm2) for (a) (001)-oriented PZN-(6-7)%PT, (b) (001)-oriented 
PZN-9%PT, and (c) (011)-oriented PZN-(6-7)%PT. The upper and lower regions in 
image (b) correspond to fingerprint-like and stripe-like structure, respectively, shown 
in Regions I and II in Fig. 6.1(b). 
 
Fig. 6.2(c) shows that the domain size for the (011)-oriented rhombohedral-
based PZN-(6-7)%PT single crystals is almost identical to their (001)-oriented 
counterparts, both in mirror finished state. However, due to a different orientation, the 
domain boundaries for the (011)-oriented crystals are differently aligned in two 
directions; one is formed along <111> direction, which is one of the permissible 
domain wall directions for (011)-oriented crystals [2], and the other is aligned along 
<122> direction, located at 20° from the <110> direction. It is unclear of why the 






directions. However, this result may suggest that the <122> direction may be one of 
the preferred domain wall orientations due to the (011)-oriented symmetry. 
 
 
6.2 Localized Poling Effect 
 
In this study, localized polarization switching characteristics for PZN-PT 
single crystal has been investigated by scanning the sample surfaces in a contact mode 
while applying a dc bias to the PFM tip. A +10 V bias is first applied to a 5 × 5 µm2 
area on the surface, followed by the application of a -10 V bias to the 2 × 2 µm2 area 
within the positively poled area. If the positive/negative bias is high enough to cause 
domain switching, a square feature with the same size of the poled area should be 
developed in the PFM phase image. Fig. 6.3 shows the different bias responses for the 
(001)-oriented PZN-9%PT crystals before and after polishing to mirror finish. Before 
polishing to mirror finish, the +10 V seems to be insufficient to reorient the initial 
domain states, although the -10 V appears to cause domain switching, which can be 
observed from a phase change of the 2 × 2 µm2 area to a brighter contrast [Fig. 6.3(a)]. 
After polishing to mirror finish, however, the phase change caused by these 
positive/negative dc biases becomes significant and much clearer. As shown in Fig. 
6.3(b), both the +10 V and -10 V dc biases successfully cause polarization switching. 
Moreover, the switching zone is marginally extended beyond the poled area, resulting 
in an area slightly larger than 5 × 5 µm2 for the positively poled region and an area 
slightly larger than 2 × 2 µm2 for the negatively poled region. This result suggests that 






removing this “surface deformed layer” using the controlled polishing, the coercive 
voltage to cause polarization switching may be lowered such that the ±10 V is 
sufficient to perform dc writing to the ferroelectric domains. Similar tests have also 
been performed on (001)- and (011)-oriented PZN-(6-7)%PT crystals and the results 
are consistent with those observed for (001)-oriented PZN-9%PT crystal. More 
images are shown in the Appendix B. 
 
 
Fig. 6.3: PFM topography and phase images (field of view: 10 × 10 µm2) for the (a) 
as-polished and (b) mirror-finished (001)-oriented PZN-9%PT samples before and 
after applying a dc voltage of +10 V to the (5 × 5)-µm2 area in the middle, followed 
by -10 V to a (2 × 2)-µm2 area within the positively poled region. The topography 
remains unchanged after biased. The scale bar represents 2 µm. (c) Height and phase 
distribution along line-scans in image (b), with the square boxes as reference points 






Apart from the critical voltage, this poling result also provides an indirect 
evidence for a difference in the mechanical properties of the upward and downward 
domains, which correspond to the head and tail section of ferroelectric domains. It has 
been shown in Section 6.1 that the topography is altered analogous with the 
polarization direction after the sample was polished to mirror finish. In particular, the 
height difference is about 10 nm, and the protruded area has a lower phase value 
whereas the depressed area constitutes a higher phase value, according to the line-
scan in Fig. 6.3(c). With a localized dc poling, it can be seen from Fig. 6.3(b) that the 
positively poled area, which has downward domains, shows a lower phase value with 
a darker contrast, and vice versa. Therefore, the protruded area can be deduced as 
having a downward polarization, while the depressed area has an upward polarization. 
As the irregularity in the topography is thought to be related to a different material 
response to the polishing stresses, this suggests a different mechanical property, most 
probably hardness, for the head and tail section of the domains. The result is 
consistent with the study by Hooton and Merz [7] on BaTiO3 single crystals, which 
indicated that the etching attacks more rapidly at the upward domains (head) and quite 
slowly at the downward domains (tail). In short, the downward domains are suggested 
to be mechanically harder and more corrosion resistant compared with the upward 
domains. It should be noted that although different hardness is expected for upward 
and downward domains, the mechanical properties involved may only be prevalent in 
nanoscale, since the positive and negative surfaces with macroscopically 
upward/downward domains do not exhibit any properties difference from 









To further examine the polishing effects towards mechanical properties of 
PZN-PT single crystals, nanoindentation technique was employed. Fig. 6.4 shows P-h 
curves during nanoindentation experiments. For as-polished samples, the 
nanoindentation data demonstrate pop-in event within a submicron range rather than a 
fixed indentation depth, probably due to a different degree of polishing processes. By 
removing the “surface deformed layer” using the controlled polishing procedure, the 
pop-in also disappears from the indentation P-h curves. This supports the hypothesis 
drawn in Section 4.1.1, in which the pop-ins were associated with the breaking 
through the “surface deformed layer”, which also caused local damage patterns 
around the indentation site. 
 
 
Fig. 6.4: Nanoindentation P-h curves for (001)-oriented PZN-9%PT single crystals 
during nanoindentation experiments before and after polishing to mirror finish. Arrow 







In addition to elastic modulus and hardness measured for the as-polished 
crystals in Section 4.1.3, the mechanical properties for the mirror-polished PZN-PT 
single crystals were evaluated using the same slope technique. All the calculated 
values are tabulated in Table 6.1. 
 
Table 6.1: Elastic modulus and hardness of PZN-PT single crystals, determined from 
nanoindentation experiments. 
 





 E (GPa) H (GPa) E (GPa) H (GPa) E (GPa) H (GPa) 
(001)-oriented 
PZN-(6-7)%PT 127±6
a 6.4±0.6a 114±3c 5.6±0.2c 107±1 5.6±0.1 
(001)-oriented 
PZN-9%PT 110±3 7.8±0.3 99±2 5.4±0.1 96±1 5.2±0.1 
(011)-oriented 
PZN-(6-7)%PT 120±6
b 6.5±0.2b 119±2c 5.8±0.2c 112±1 5.5±0.1 
a Reference [8] 
b Reference [9] 
c Chapter 4 
 
First, it is noted that both elastic modulus and hardness for the mirror-finished 
samples are slightly lower than those for the as-polished samples by using the slope 
technique. Considering the two values are not significantly deviated, the results 
suggest that the assessment of the as-polished crystal properties in Section 4.1.3 (by 
neglecting the first 300-nm data) is appropriate, although the “true” properties may 
only be determined from the mirror-finished samples. These as-polished and mirror-
finished data, especially in terms of hardness, are notably lower than those reported 
previously by averaging the properties over certain depth range [8, 9], which included 
the surface distortion effects. Second, the elastic modulus and hardness for the PZN-






mechanical properties for the PZN-9%PT may be correlated with its domain 
engineered dielectric and piezoelectric properties. More specifically, rhombohedral 
crystals, such as PZN-(6-7)%PT, showed enhanced dielectric and piezoelectric 
responses when poled along <100> with respect to those poled along <111>. In 
contrast, the enhancement in tetragonal crystals, such as PZN-9%PT, was observed 
for poling along <111> rather than along <100> [10]. Hence, with the same (001)-
oriented configuration, the rhombohedral-based PZN-(6-7)%PT exhibits better overall 





Various characterization techniques, including XRD, PFM and 
nanoindentation have been applied to evaluate mechanical polishing effects on PZN-
PT single crystals. Overall speaking, polishing processes have significant effects on 
surface crystallographic structure, surface domain structure and could affect the 
mechanical properties of PZN-PT single crystals. Structural and domain distortions 
are found after general polishing processes using a series of lapping films down to 1 
µm in particle size. This is associated with the formation of a “surface deformed 
layer” which causes a secondary peak in XRD patterns and pop-in events during the 
nanoindentation experiments. After a controlled fine polishing procedure to produce 
mirror finish surfaces, the structural distortion in the XRD profile is successfully 
eliminated. In addition, the domain structures can be revealed in the topography 
images even without using the PFM option. In response to this domain evolution, 






and hardness of the crystals can be better determined by the slope technique. 
Furthermore, localized poling test suggests that the downward domains are 
mechanically harder compared with the upward domains. Moreover, the coercive 
voltage for the crystals may be lowered after the samples are polished to mirror finish, 
implying a smaller voltage requirement for ferroelectric polarization switching in 
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Chapter 7: Application of Scanning Probe Technique to Study the Properties of 
Ferroelectric and Multiferroic Materials 
 
 This chapter covers the second part of my Ph.D. research work. Although it is 
not very closely related to the first part of the research project, it does generate a lot of 
significant results for further studies in this area, especially for using the various 
Scanning Probe Microscopy (SPM) techniques on characterizing ferroelectric and 
multiferroic materials. Specifically, this chapter discusses the implementation of 
Switching Spectroscopy Piezoresponse Force Microscopy (SS-PFM), Magnetic Force 
Microscopy (MFM) and Kelvin Probe Force Microscopy (KPFM), on copper-doped 
zinc oxide (ZnO:Cu), a selected film material, which has the potential to be a new 
generation of multiferroic material for energy or data storage applications. The current 
SS-PFM is found not viable on PZN-PT single crystals due to the high coercive 
voltage with a relatively bulky thickness dimension (>100 µm) in the sample, and a 
high voltage module (which is not available in our lab) is required to induce 
polarization switching in PZN-PT samples. Therefore, it is anticipated that the tests on 
ZnO:Cu films could establish a comparative reference for possible further research on 
various ferroelectric and multiferroic materials (including PZN-PT) using the SS-
PFM technique. On the other hand, by using the KPFM technique, PZN-PT single 
crystals exhibit bipolar surface potential behavior upon the application of a dc bias. 
This observation will be briefly discussed as a comparison with the results obtained 
from the ZnO:Cu films, which demonstrate a similar potential behavior. The ZnO:Cu 
samples were supplied by staff from Department of Materials Science and 







7.1 Film Material and Preparation 
 
Zinc oxide (ZnO) has recently attracted considerable attention due to its wide 
band gap and high exciton binding energy [1, 2]. As a result, it is considered as one of 
the most promising semiconductor materials for multifunctional applications, such as 
solar cells, ultraviolet light emitting diodes, photodetectors, diluted magnetic 
semiconductors [3], piezoelectric/ferroelectric materials [4], etc. These intriguing 
properties of ZnO could be achieved through bandgap engineering, dopant 
incorporation or/and defects engineering [2]. Among the doped ZnO compounds, 
copper-doped ZnO (ZnO:Cu) has captured considerable attention in magnetic 
semiconductors [5, 6] and light emitting diodes [7, 8], as well as in surface acoustic 
wave applications [9]. Besides, Cu ions are also well known as electron traps in ZnO 
film [10] and they increase the resistivity of ZnO from semiconducting to insulating 
like properties [11]. More importantly, theoretical calculation suggested that the Cu 
dopants may act as acceptors in the ZnO, which introduce holes residing in the host 
valence band with p-type character [12]. These notable characteristics of ZnO:Cu 
have aroused our interest to explore its piezoelectric, magnetic and surface potential 
behaviors. However, to date, there is no report on the implementation of SPM 
techniques on ZnO compounds to study their local electrical and magnetic responses. 
A comprehensive understanding of the local piezoelectric and magnetic behaviors as 
well as related charge dynamics is essential as it may directly pertain to the bit 








In the sample preparation, an appropriate amount of ZnO and CuO powders 
were mixed in a clean alumina mortar, followed by pressing and sintering at 1000°C 
for 12 hours to obtain ZnO:Cu targets with various Cu concentration. Extensive 
parameters optimization has been investigated to obtain superior crystalline undoped 
ZnO and ZnO:Cu films with a prominent c-axis (002) texture. With the optimum 
conditions, a series of undoped ZnO (reference sample with a nominal thickness of 
100 nm), ZnO:Cu (2 at.%) and ZnO:Cu (8 at.%) films (with a nominal thickness of 
250 nm) were prepared on Si/SiO2/Ti/Pt and (001) quartz substrate by pulsed laser 
deposition (PLD) using a KrF excimer laser operating at 248 nm and a fluence of 1.8 
J·cm−2 at 600°C under oxygen partial pressure of 2 × 10-4 torr. The Cu percentage in 
the films was further confirmed by energy dispersive spectroscopy (EDS) and X-ray 
photoemission spectroscopy (XPS) studies. The ferroelectric properties were then 
measured using a ferroelectric analyzer (Radiant Technologies, USA), which gave a 
remnant polarization of ~0.4 µC/cm2 for ZnO:Cu (8 at.%). There was no observable 




7.2 Switching Spectroscopy Piezoresponse Force Microscopy 
 
In this study, a conductive tip with a spring constant of 2 N/m (Electri-Lever, 
Olympus, Japan) was used on a commercial vertical PFM machine (MFP-3D, Asylum 
Research, USA) to quantitatively characterize the local switching behaviors on 






location and a sine-like triangular waveform, carried by a sequence of square waves, 
was applied to the tip at a frequency of 200 mHz, as shown in Fig. 7.1. The remnant 
bias-induced polarization was acquired at every pulse between the adjacent voltage 
steps when the bias was stepped back to zero [17]. Due to the limitation of the 
machine set-up, this experiment could only measure the piezoresponse up to an 
applied bias of ±9.8 V. Two loops were acquired from the SS-PFM measurement, i.e. 
the amplitude loop as a measurement of the effective longitudinal piezoresponse, and 
the phase loop which yielded the information of the polarization direction normal to 
the film surface. In general, the data obtained during the first cycle were hardly 
reproducible, presumably due to poor initial tip-surface contact and a difference in the 
film’s initial polarization state. However, the measurements during subsequent cycles 
gave a moderately consistent hysteresis loop. 
 
 
Fig. 7.1: Probing wave form in SS-PFM [16]. 
 
Figs. 7.2(a-b) show an example of the hysteresis loops on a ZnO:Cu (8 at.%) 
film, ~250 nm in thickness. Fig. 7.2(a) clearly shows that an amplitude hysteresis loop 
is formed in which the piezoresponse of the film is reduced by a positive bias but 
increased by a negative bias. This trend of piezoelectricity is thought to be highly 
dependent on the polarity of the film and consistent with the study on Zn-polar ZnO 






orientation of dipoles in the as-deposited Cu-doped ZnO is weakly aligned in a 
pointing-up direction, which is in-phase with the negative bias. On the other hand, the 
phase measurement also demonstrates a marginal hysteresis loop with a switchable 
phase angle of ~20 – 30°, as shown in Fig. 7.2(b). Theoretically, a complete reversal 
of the polarization should produce a 180° difference in the phase value. Therefore, it 
is necessary to determine whether this hysteresis loop with a low switchable phase 
angle is indeed a polarization measurement or an effect caused by electro-capillary 
condensation of water layers at the tip-surface junction in ambient conditions [16]. 
With several trials of the measurement, a near-180° phase loop was observed at 
certain locations of the film, as shown in Fig. 7.2(c). This suggests that a localized 
change in the polarization direction indeed occurred since the wetting water layers 
were unlikely to cause this large change in the phase. As can be seen from Fig. 7.2(c), 
the phase value starts to significantly increase at ~+7 V with the application of an 
increasing positive bias, indicating domain nucleation in the opposite direction. 
However, the applied bias, up to the maximum of +9.8 V, is apparently insufficient to 
stabilize the electrical dipole in the positive phase region, and the dipole reverts back 
to the negative phase region upon the bias removal. The requirement in a large 
saturated applied voltage for the ZnO:Cu films may be attributed to localized pinning 
effect of defects or dopants [19]. 
 
The result from the hysteresis loop measurement is further supported by PFM 
imaging results after localized dc poling on the film. As shown in Fig. 7.3(a), a darker 
contrast is induced in the amplitude image by a positive bias of +10 V, together with a 
marginal phase in the phase contrast. This implies that the positive bias reduces the 






On the other hand, Fig. 7.3(b) shows that both the amplitude and phase values seem to 
be unaffected by a negative bias of -10 V. Therefore, the results suggest that the 
orientation of dipoles in the as-prepared ZnO:Cu (8 at.%) may be weakly aligned in a 
pointing-up direction, which is in-phase with the negative bias. This agrees with the 
amplitude loop measurement shown in Fig. 7.2(a). With a predominant pointing-up 
ferroelectric domains, a negative bias could induce more upward oriented domains, 
while a positive bias reduces the upward dipoles, resulting in an “inverse hysteresis” 
observed from the amplitude measurement. 
 
 
Fig. 7.2: Hysteresis loops acquired in SS-PFM measurement of ZnO:Cu (8 at.%) film: 
(a) amplitude loop; (b) phase loops showing localized piezoelectric hysteresis 
behavior; (c) phase loop on another location showing that an applied bias of +9.8 V 









Fig. 7.3: PFM amplitude and phase images of ZnO:Cu (8 at.%) film after the 
application of ±10V to a (1 × 1) µm2 area in the middle of the imaging area (field of 
view: 2 × 2 µm2). The scale bar in the images represents 0.5 µm. 
 
Combining the hysteresis loops and localized poling results, the sequence of 
the polarization switching state can be envisaged as schematically represented in Fig. 
7.4. With a predominant pointing-up ferroelectric domains, a negative bias could 
stabilize the upward domains. However, by gradually switching the applied bias to a 
positive value, the stability of the upward domains is interrupted. Polarization 
switching then starts at about +(1 – 2) V with the nucleation of opposite domains just 
under the tip. By further increasing the applied positive bias, the downward domain 
expands in lateral and vertical directions until reaching an equilibrium size, depending 
on the magnitude of the applied bias. This presence of the downward domains reduces 
the piezoresponse or the amplitude of the oscillating response when an external ac 
voltage is applied. Nevertheless, it should be noted that the applied positive bias up to 






switching to the downward direction. Hence, the upward domains again dominate 
upon the decrease of the applied positive bias; the amplitude of the piezoresponse 
then increases at the domain nucleation voltage, about -(1 – 2) V, following the 
elimination of the previously induced downward domains. This general SS-PFM trend 
shows that the piezoelectricity in ZnO:Cu films is reversible and, thus, they may show 
the potential to be utilized in data storage applications. 
 
 
Fig. 7.4: Schematic representation of domain switching in ZnO:Cu (8 at.%) film 
during the application of a tip voltage ranging from -8 V to +8 V, with the bottom Pt 
electrode grounded. The arrows indicate domain polarization direction of the ZnO:Cu 
film. 
 
Since the ZnO:Cu is not a typical ferroelectric material, poly(vinylidene 
fluoride-trifluoroethylene), or in short P(VDF-TrFE) film, was tested for a 
comparison (sample courtesy of Institute of Materials Research and Engineering, 
Singapore). PVDF is the most extensively studied polar solid polymer since the work 
by Kawai [20]. Its copolymer, P(VDF-TrFE), despite having less polarity in terms of 
unit structure, typically has a much larger piezoelectric response compared with 
PVDF homopolymer due to a higher crystallinity [21]. Recent discovery of 
ferroelectricity in Langmuir-Blodgett (LB) P(VDF-TrFE) films with thicknesses of 
several molecular monolayers has opened up new opportunities for their applications 
in nanotechnology and applications [22, 23]. In this study, the P(VDF-TrFE) film was 






hysteresis was then acquired by applying the same testing procedure as on ZnO:Cu (8 
at.%). As shown in Fig. 7.5, the phase loop of the P(VDF-TrFE) film exhibits a 
saturated hysteresis shape, whereas the amplitude loop demonstrates a typical 
butterfly-shaped strain response of a ferroelectric material. The measured coercive 
voltage is found to be ~±7 V, which is comparable to other studies [23, 24]. With this 
positive result of the ferroelectric hysteresis loop, the procedure applied to ZnO:Cu (8 
at.%) is valid such that the previous hypothesis and interpretation on its ferroelectric 
behavior should be rational. 
 
 
Fig. 7.5: (a) Phase and (b) amplitude loops acquired in SS-PFM measurement of 
P(VDF-TrFE) film of ~50 nm in thickness. 
 
 
7.3 Kelvin Probe Force Microscopy 
 
In the study of the surface potential, Kelvin Probe Force Microscopy (KPFM) 
technique is widely adopted since the work by Nonnenmacher et al. [25], due to its 
superior spatial resolution and minimum requirement of sample preparation. The 






electric force on the cantilever, which is proportional to the potential difference 
between the tip and the sample. If the system is modeled as a parallel plate capacitor, 









= ,         (7.1) 
 
where C and z are the capacitance and the separation distance between the tip and the 
sample, respectively. By substituting the total voltage as ( ) tVVVV acspdc ωsin+−= , 
in which the ω denotes the drive frequency of the ac voltage, Vdc is the dc offset and 
Vsp is the surface potential between the tip and the sample, then the acting electrostatic 
force can be written as 
 






















1 222  (7.2) 
 
Since the most important term here concerning the surface potential is the second 
term occurred at ω, the feedback is applied to adjust the magnitude of the Vdc such 
that the oscillation is nullified when Vdc = Vsp during the first harmonic. In this way 
the value of the surface potential can be determined and hence, mapping the nullified 
potential Vdc yields a surface potential map [13, 26].  
 
In this study, the measured surface potential of a polarized area using the 
KPFM technique is, in fact, the compensation between the polarization charges and 






conditions [13-15, 25, 26]. Polarization charges are the dipole charges in piezoelectric 
materials, depending on the dipole orientation. These polarization charges are able to 
trap or bind opposite surface charges, such as electrons or holes injected from the 
conducting tip and screen charges from the ambient. Thus, if the amount of the bound 
surface screen charges is greater than that of the remnant polarization, a positive 
surface potential will be detected at the positively biased regions while a negative 
surface potential will be detected at the negatively biased regions [26]. Other charge 
dynamics studies also supported the surface potential being the result of charge 
compensation. For instance, it has been reported that the screen charges become more 
pronounced after leaving uncompensated upon the extinction of the spontaneous 
polarization above Curie temperature [13, 14]. Moreover, the contribution for each of 
the polarization and screen charges can be quantitatively analyzed by the observation 
of the applied voltage variation on a typical ferroelectric material [15]. Therefore, it 
may be interesting to assess the stability of the bound surface charges in ZnO films 
and their surface potential behaviors. In particular, the dipoles of the ZnOs may be 
switched upon the application of a high bias during the data writing, which 
subsequently affects the charge trapping capability of the film.  
 
In this surface potential study, a conductive tip (Electri-Lever, Olympus, Japan) 
was used on a commercial atomic force microscopy (MFP-3D, Asylum Research, 
USA) in the KPFM mode. All the KPFM images were acquired by applying an ac 
voltage of 3 V at a lift height of 40 nm. To investigate the surface potential change 
after a dc writing process, the substrate was grounded while various biases within ±2 
V were applied to the cantilever tip. The tip was then engaged onto the film surface 







Fig. 7.9: (a) Schematics showing the experimental details during local negative 
biasing, followed by KPFM. For positive biasing, holes are injected while the dipoles 
are of reverse sign. (b) Topography and KPFM images of ZnO:Cu (8 at.%) film after 
the engagement of a negative and positive biased tip, respectively. The scale bar 
represents 500 nm; (c) a plot showing the dependence of the peak values of the 
surface potential with the applied biases; and (d) schematic flatband diagram of 
undoped ZnO and ZnO:Cu under negative/positive biasing. 
 
Figure 7.9(a) shows a schematic of the dc biasing and the subsequent KPFM 
measurement. The efficiency of the injection process depends on the tip/sample 






than that of the undoped ZnO [2]. Examples of the scanned images (topography and 
KPFM) on ZnO:Cu (8 at.%) are shown in Fig. 7.9(b). The bright and dark dots 
represent a higher and lower surface potential value, respectively, relative to the 
unbiased region. As can be seen from Fig. 7.9(c), the undoped ZnO film seems to be 
unaffected by the dc bias of ±2 V. Although minor decrease in the surface potential is 
induced by a negative bias, their surface potentials remain nearly the same with the 
unbiased region, around +450 mV. This positive surface potential value is presumably 
due to the dominance of the positive polarization charges in the as-prepared state, and 
that the surface is only partially screened by the ambient charges of absorbates or 
intrinsic surface states [13]. 
 
On the other hand, the ZnO:Cu films demonstrate a different response 
compared with their undoped counterparts, as shown in Fig. 7.9(c). For instance, the 
biased region expands with a higher applied bias, which can be associated with the 
saturation of the surface potential induced within the timeframe of the tip engagement 
[26]. More importantly, a higher surface potential value can be induced by a positive 
bias, and vice versa, unlike the undoped ZnO film which shows no affirmative effect 
with an applied bias up to ±2 V. This phenomenon can be attributed to effective 
electrons or holes trapping in the ZnO:Cu at applied voltage above ±0.5 V. Under said 
condition, the screen charges become dominant over the polarization charges. This 
may be related to the downward (upward) shifting of Fermi level under negative 
(positive) biasing. Furthermore, the initial surface potential in the as-prepared films is 
significantly lowered with increased Cu doping, as indicated by the surface potential 
value at 0 V in Fig. 7.9(c). For instance, while ZnO:Cu (2 at.%) still has a positive 






potential value has been successfully achieved in ZnO:Cu (8 at.%) under the same 
bias. 
 
While ZnO is an electron-dominated material with n-type behavior, the 
incorporation of Cu traps electrons, thus shifting the Fermi level downward. This 
results in a reduction in the surface potential with increasing Cu concentration and 
makes the film highly resistive. The shifting of Fermi level for both the undoped and 
doped ZnOs is schematically shown in Fig. 7.9(d) [27]. At this juncture, it should be 
noted that absolute potential difference values are subject to the effects of the 
cantilever, water layer and miscellaneous charges during tip-surface interaction [13, 
28] and may not be quantitatively reproducible. For this reason, for the work 
described below, our focus will be placed on the degree of increment or reduction in 
the surface potential caused by the biasing/poling instead. In the text below, the 
surface potentials at the unbiased region were reset to 0 V for easy comparison. 
 
Following the previous initial surface potential screening, a series of higher dc 
biases, ranging from -8 V to +10 V at 2 V steps, was applied by line writing with the 
similar procedure as the work by Kim et al. [15], and the KPFM images obtained are 
shown in Fig. 7.10(a). The dc biases were applied to the cantilever tip, which 
successively scanned and poled the middle area (2.50 × 0.25 µm2 each step except for 
ZnO:Cu (8 at.%), which is 5.0 × 0.5 µm2) at 1 Hz in contact mode. The stability of the 
surface potential charge was then studied by subsequently scanning the biased region 








Fig. 7.10: (a) Surface potential profile for the undoped ZnO, ZnO:Cu (2 at.%), 
ZnO:Cu (8 at.%), annealed ZnO:Cu (8 at.%) films and their corresponding KPFM 
images after applying a series of successive dc biases in the middle of the images, 
ranging from -8 V at the top to +10 V at the bottom with 2 V steps. The KPFM 
images after the second grounded-tip scan are also shown; the field of view is 5 × 5 
µm2 except for ZnO:Cu (8 at.%), which is 10 × 10 µm2. The values of the surface 
potential are obtained based on the line-scans shown in y-direction. (b) Raman spectra 
of the ZnO:Cu (8 at.%) before and after annealed to 650 °C under an open air 






In general, both the undoped ZnO and ZnO:Cu films are capable of binding 
negative charges, which may be related to their intrinsic oriented dipoles in the as-
prepared polarization state, as shown in the potential profile in Fig. 7.10(a). For the 
undoped ZnO, a positive bias up to +10 V appears to cause insignificant effect to its 
surface potential change. Subsequent discharging of the undoped ZnO film with 
grounded-tip scans result in decreasing trapped charges and surface potential in the 
biased region. It is interesting to note that in this case, the positively biased region 
demonstrates negative surface potential values after the second grounded-tip scan. 
 
A possible explanation to this phenomenon is that the positive bias of +10 V 
has switched the polarization state to a downward direction, which produces negative 
polarization charges on the surface. In the as-biased condition, the holes emitted from 
the tip compensate these negative polarization charges, thereby leading to a nearly 
zero potential in the positive biased region. However, when these holes are swept 
away by the grounded tip in contact mode, the polarization charges become dominant 
again, resulting in the negative charge effect observed. 
 
It should be noted that this negative charge effect only appears in the 
positively biased regions with an applied bias exceeding ~+6 V, which may be related 
to the coercive voltage to cause ferroelectric domain switching. Therefore, with the 
compensation of this negative polarization charge, the undoped ZnO shows limited 
hole trapping characteristic and this could be the reason of the spread of mobile 
negative charges to the unbiased region, i.e. the potential is a negative value in the 
region of 0 V biasing voltage, without the counter balance effect of the excessive 






In contrast, the negative charge effect in the positively biased region described 
above is not observed in ZnO:Cu films. Instead, the surface potential induced by 
biasing is in bipolar mode, i.e., both the positive and negative biases result in a 
considerable increase/decrease in the surface potential value. This phenomenon is 
especially pronounced for ZnO:Cu (8 at.%). In this case, the +10 V bias brings about 
~0.16 V increase in the surface potential, compared with ~0.27 V decrease under -8 V 
bias. By taking the parallel capacitor model [26] with a relative dielectric constant of 
8.75 [29], the surface charge density of the ZnO:Cu (8 at.%) is estimated to be 4 – 8 
pC/cm2, which gives an overscreen ratio of only ~0.001 – 0.002%. For ZnO:Cu (2 
at.%), the surface potential induced by the applied biases is asymmetry such that +10 
V bias induces only a slight increase in the surface potential value compared to the 
much significant decrease under negative bias.  
 
The above results demonstrates the hole trapping efficiency of Cu dopants (~8 
at.%) in ZnO. The relative degree of reduction in the surface potentials after 
grounded-tip scans further shows that the charge trapped in the ZnO:Cu films is more 
stable compared with that in the undoped samples, as can be seen from the potential 
profile plotted in Fig. 7.10(a). 
 
To have a better understanding of this bipolar behavior in the ZnO:Cu (8 at.%) 
film, the sample was annealed at 650 °C under an open air condition for 12 hours. It 
was found that the trapped charges in ZnO:Cu, especially the negative charges, 
become less stable after the annealing, as demonstrated by the faster charge drop rate 
in the annealed ZnO:Cu (8 at.%) sample [Fig. 7.10(a)]. The observed phenomenon 






In general, it is known that the as-prepared ZnO film contains oxygen vacancies deep 
at ~1 eV below the conduction band [30]. With a charge of 2+, the oxygen vacancies 
may effectively trap the electrons injected from the tip. On the other hand, heat 
treating the ZnO:Cu film in an oxygen atmosphere could largely eliminate the amount 
of the oxygen vacancies, resulting in the instability of the bound negative charges. A 
reduction of the oxygen vacancy density in the annealed sample is confirmed by 
Raman analysis. As shown in Fig. 7.10(b), a broad E1(LO) peak can be found from 
the Raman spectra for the as-prepared ZnO:Cu, indicating the possible presence of 
defects, e.g. Zn interstitials or/and oxygen vacancies. This broad peak, however, 
vanishes after the annealing in the air. The above study suggests that the stable 
electron trapping in the as-prepared ZnO:Cu film be attributed to the possible 
presence of oxygen vacancies. 
 
The stability of the trapped charges in ZnO:Cu (8 at.%) is further investigated 
by monitoring the surface potential relaxation process with time. As shown in Fig. 
7.11(a), the positive/negative charges induced by the applied bias of ±10 V dissipate 
with time. This dissipation process can be attributed to several factors, such as 
recombination process of electrons/holes with defects in the film [31], 
environmental/ambient effect (water layer, adsorbates, etc), charge leakage through 
bottom electrode, and surface diffusion via grain boundaries [32]. In the case of 
surface diffusion process, the total charge observed should be conserved irrespective 
of the decrease of peak value of the surface potential, whereas in other cases, the total 
charge will decrease together with its peak value [31]. Based on the line-scan results 
in the KPFM images [Fig. 7.11(a)], the peak value of the positive/negative charges 






and the charges are not conserved to the surrounding region. However, during the 
period of 4 hours to 20 hours after biased, the screen charges seem to diffuse out of 
the biased region in-plane towards the surrounding film. This phenomenon is 
especially pronounced for the positive charge [Fig. 7.11(b)], which can also be 
noticeable from the increasing charge contrast around the tip engaged area in Fig. 
7.11(a). Therefore, there may be two stages of the charge dissipation process in 
ZnO:Cu films; the decay initially occurs in a faster rate, through non-conservative 
dissipation process, followed by a much slower rate when the charges are distributed 
to the surrounding region through possible surface diffusion. 
 
Fig. 7.11(c) shows further evaluation of the bottom electrode effect by 
comparing the surface potential of samples with and without Pt electrode. For the 
sample with bottom electrode, the peak value of the surface potential noticeably 
decays within 1 hour after the initial biased tip engagement. The decay then slows 
down after 3 hours where both the positive and negative surface potentials remain 
stable and eventually ~25% of their initial charges are retained after 20 hours. On the 
other hand, the decay rate is significantly slower for the sample without bottom 
electrode, even in the initial 3 hours. This may suggest a dominance of electrode 
effect in the initial charge dissipation process. However, detailed analysis may be 
needed for verification purpose. 
 
It was reported that PZT film possesses superior charge storage characteristic, 
with a 70% decay in the surface potential within 10 hours [26]. Hence, the bound 
charges in the ZnO:Cu films are considered stable by retaining 20 – 30% of the initial 






charges could be increased by multiple times with a proper writing process, e.g. a 3-
time increase with line writing [~± 0.2 V with an applied bias of ± 10 V from Fig. 
7.10(a)] compared with mere tip engagement [~± 60 mV with an applied bias of ± 10 
V from Fig. 7.11(c)]. 
 
 
Fig. 7.11: (a) KPFM images showing time evolution of the surface potential on the 
ZnO:Cu (8 at.%) surface, after engaging a biased tip with the dc voltage of -10 V and 
+10 V for 1 minute. The scale bars represent 2 µm. (b) The corresponding surface 
potential distribution along the line-scans in x-direction as shown in (a). (c) 
Exponential fits to time evolution of the surface potential on the ZnO:Cu (8 at.%) 







For comparison purpose, PZN-9%PT single crystals were selected as a 
reference material by applying line writing using a series of biases, the same 
procedure as that applied on ZnO:Cu films demonstrated in Fig. 7.10(a). As a 
ferroelectric material, it is expected that the unpoled PZN-PT single crystals exhibits 
bipolar surface potential behavior due to their reversible dual polarization, unlike ZnO 
films with dopant-dependent characteristics. 
 
Fig. 7.12 shows the KPFM and PFM results of the PZN-9%PT single crystal 
after line writing. As shown in Fig. 7.12(b), the ferroelectric domains are polarized 
downwards with a positive voltage of +10 V. By successively decreasing the voltage 
to a negative value, the domain direction starts to reverse when the applied voltage 
approaches -6 V. Therefore, according to this PFM phase mapping, the polarization 
charge is positive in the regions polarized with a negative voltage more than -6 V, 
whereas other biased regions have a negative polarization charge according to their 
domain polarization direction. This polarization charge of the PZN-9%PT single 
crystal, after being compensated by the opposite charge injected from the tip, could be 
represented in a KPFM image of surface potential mapping, as shown in Fig. 7.12(c). 
It is noted that the compensated charge is distributed far beyond the biased regions, a 
considerable larger charge expansion compared with that in the ZnO:Cu (8 at.%) film. 
This may imply greater charge mobility in ferroelectric single crystals due to a lack of 
grain boundaries. Furthermore, the biased regions, regardless of their ferroelectric 
polarization direction, show a predominantly positive charge distribution, in which the 








Fig. 7.12: (a) Topography, (b) PFM phase, and (c) KPFM images of PZN-9%PT 
single crystal after applying a series of successive dc biases, ranging from +10 V at 
the bottom to -8 V at the top with 2 V steps, on the 5 × 5 µm2 dotted area in the 
middle (field of view: is 20 × 20 µm2). The scale bar represents 5 µm. (d) Surface 
potential distributions along the line-scan shown in (c). The dashed lines indicate the 
approximate biased regions with a series of dc voltage. 
 
By allocating a line-scan along the y-direction, the magnitude of the surface 
potential can be determined. As shown in Fig. 7.12(d), although the negative charge is 
driven away from the biased regions, its potential magnitude is almost identical with 
that of the positive charge, considering the maximum positive voltage applied is 
slightly higher than the negative voltage (+10 V versus -8 V). Overall speaking, 
surface potential in PZN-9%PT single crystals has been demonstrated to have nearly 
identical bipolar potential magnitudes upon the application of applied biases. 






due to greater charge mobility without grain boundaries. This dominance of the 
surface diffusion phenomenon in piezoelectric materials suggests that the charge 
dissipation process in the ZnO:Cu films occurs in a different mechanism. 
Nevertheless, the results presented here is just a preliminary study of the surface 
potential behavior in PZN-PT single crystals. More systematic tests are required for a 




7.4 Magnetic Force Microscopy 
 
 
Fig. 7.6: Schematic showing the sequence of MFM imaging: (1) cantilever traces 
surface topography on first trace and (2) retrace; (3) cantilever ascends to a predefined 
lift height; (4) lifted cantilever profiles topography while responding to magnetic 
influences on second trace and (5) retrace [33]. 
 
Magnetic Force Microscopy (MFM) technique was used in the attempt to 
visualize magnetic domains of the ZnO:Cu (8 at.%) films. The principle of the MFM 
is illustrated in Fig. 7.6. During the MFM measurement, the surface topography is 
first scanned by exciting the magnetized tip to oscillate in its resonance frequency. 
The tip is then raised above the sample surface by a defined lift height, followed by 
scanning on a second pass. With the presence of magnetic stray fields formed by 






the magnetic forces on the tip. Therefore, this force gradient detection provides 
information of local magnetostatic interaction between the sample surface and the tip. 
In this study, the cantilever used was a standard MFM tip coated with CoCr film 
(ASYMFM, Asylum Research, USA), which was pre-magnetized by bringing it in 
close proximity (~1 mm) to a permanent magnet of 0.3 Tesla. 
 
 
Fig. 7.7: MFM images of ZnO:Cu (8 at.%) film with a field of view of (50 × 50) µm2: 
(a) topography; (b) MFM amplitude images demonstrating underlying stripe-like 
structures which could be related to magnetic domains of alternate strong/weak fields; 
(c) MFM amplitude images at the same location during a 45° scanning. The 
simultaneous 45° rotation of the stripe-like structures indicates that they are indeed an 
intrinsic feature; (d) MFM amplitude image at the same location as in (c) but after 
applying +10 V to a (30 × 30) µm2 area in the middle of the imaging area. The stripe-
like structures are less pronounced within the poled area but they are still visible out 
of the poled area; and (e) MFM amplitude images of the film after the exposure to an 
in-plane magnetic field of 5 kOe showing the extinction of the stripe-like structures. 
The scale bar in the images represents 10 µm. 
 
Fig. 7.7 shows the MFM images for the ZnO:Cu film (~250 nm in thickness) 






mechanism of mechanical assembly and the associated microscope drift, the MFM 
images have been flattened with a second order polynomial fitting. It is found that the 
MFM amplitude image shows stripe-like structures with a width of ~2 µm [Fig. 
7.7(b)], which are not evident from the corresponding topography image [Fig. 7.7(a)]. 
With a different scanning angle of 45° at the same location, the stripe-like features are 
also rotated at 45° accordingly [Fig. 7.7(c)]; this implies that such stripe-like structure 
is not an artifact. Therefore, these stripes are believed to be an intrinsic feature of the 
sample which should correspond to the film’s magnetic domain structures. The 
alternate bright/dark contrast of the stripes in the MFM amplitude image indicates a 
variation in the oscillating amplitude at the defined lift height. In contrast, there are no 
significant features observed from the MFM phase image (not shown). This may 
suggest that there is no variation in the tip phase of oscillation relative to the piezo 
drive, despite a change in the oscillating amplitude; the tip is only affected by the 
alternate strong/weak magnetic stray fields on the film. 
 
After applying a positive bias of +10 V to a (30 × 30) µm2 area [Fig. 7.7(c)], 
the magnetic features within the bias-applied area becomes less pronounced compared 
with that in the unbiased region [Fig. 7.7(d)]. In particular, the stripe-like structure 
disappears within the poled area, while the stripes could still be vaguely found outside 
the poled area, suggesting possible coupling between the electric and magnetic effects 
in the ZnO:Cu film. 
 
To further confirm the stripe-like feature to be magnetic-relevant, the sample 






imaging. As shown in Fig. 7.7(e), the stripe-like structure completely disappears after 
the exposure to the in-plane magnetic field. This observation supports previous 
speculation of magnetic structures as the application of an external field is expected to 
cause a change in the MFM-imaged domains [34]. 
  
In the MFM imaging of the ZnO:Cu samples, it was difficult to obtain a high-
resolution image, probably due to the weak magnetic stray fields in the sample. In 
addition, since the MFM imaging is based on the magnetic interaction between the tip 
and the sample, it is an indirect imaging method and therefore potentially perturbative. 
If the lift height is too short, the topography effect and van der Waals forces may 
dominate, whereas the spatial resolution is bound to decrease with increasing lift 
height. Furthermore, the MFM has been proved to be much less efficient in the high-
resolution of soft magnetic materials, owing to their very specific ability to screen and 
spread magnetic charges. Therefore, an accurate MFM image interpretation relies on 
an estimation of a magnetization distribution and understanding the tip characteristics 
[35]. In this study, the observation of the magnetic domains is reported; however, this 
mapping, as a measure of the interaction force or force gradient, may be subjected to 
perturbation due to a complex interaction between the tip and the sample. 
 
For a comparison and procedure verification purposes, MFM mapping of a 
1.44 MB floppy disk was conducted. The MFM images are shown in Fig. 7.8, taken at 
a lift height of 200 nm. Stripe-like feature can be easily identified from both the MFM 
amplitude and phase images in alternate contrast, which is apparently different from 
the topography image. This stripe-like feature is recognized as magnetic structures, 






typical magnetic material, demonstrates magnetic domain structures in both MFM 
amplitude and phase images, unlike the ZnO:Cu (8 at.%) film which shows vague 
magnetic structures only in the MFM amplitude image. This difference may be 
attributed to weaker magnetic nature in the ZnO:Cu (8 at.%) film to induce any phase 
difference during the magnetostatic force mapping in the second pass. However, 




Fig. 7.8: MFM images of a floppy disk: (a) topography, (b) MFM amplitude, and (c) 
MFM phase images (field of view: 50 × 50 mm2). The scale bar in the images 





In summary, local piezoelectric, magnetic and surface potential properties of 
ZnO:Cu films has been investigated using various SPM techniques. SS-PFM on the 
film shows an inverse ferroelectric hysteresis loop within ±9.8 V, in which a negative 
bias increases the amplitude of the piezoresponse and vice versa. From this 






have a predominantly upward ferroelectric domains, which is in-phase with the 
negative bias. Furthermore, magnetic domains, ~1 – 2 µm in width, were successfully 
observed using the MFM technique. These results support ZnO:Cu films as a material 
with both intrinsic piezoelectric and magnetic properties. On the other hand, stable 
bipolar surface potential behavior of ZnO:Cu film at room temperature has been 
demonstrated in ZnO:Cu films with an appropriate amount of Cu doping (~8 at.%) 
and oxygen vacancies. Cu doping leads to localized hole trapping phenomenon, 
whereas oxygen vacancies promote electrons trapping stability in ZnO:Cu film. The 
bipolar charges can be effectively trapped and stored in the films for over 20 hours, 
pertaining to their reliability as a new type of transparent charge storage medium in 
potential storage applications. It is also observed that the charge dissipation process in 
ZnO:Cu film is significantly different from that in the PZN-PT crystal, indicating 
different dissipation mechanisms in these two materials. The PZN-PT crystal is a 
ferroelectric material, whereas ZnO:Cu is a semiconductor material which show 
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Chapter 8: Conclusions and Recommendations 
 
 
This study mainly explored the micromechanical properties and deformation 
behavior of PZN-PT single crystals in both unpoled and poled states using 
nanoindentation technique. Attempts were made to correlate the mechanical 
deformation phenomena observed with domains contribution and their structures by 
using nanoindentation, Scanning Electron Acoustic Microscopy, fractography and 
Scanning Probe Microscopy techniques. Lastly, a controlled polishing procedure was 
introduced to eliminate the surface layer effects. General conclusions and 





Nanoindentation experiments on PZN-(6-7)%PT revealed that pop-in events 
were observed at ultra-low loads, which could be related to the breaking of a surface 
deformed layer produced during the crystal fabrication process. Statistical analysis 
suggested that this surface layer was approximately 300 nm in thickness, and it may 
possess different mechanical properties from the interior. From a detailed 
nanoindentation analysis, it was fairly reasonable to conclude that unpoled PZN-PT 
single crystals have an elastic modulus of ~110 – 120 GPa and a hardness of ~5.5 – 








Apart from the loading behavior, the elastic-plastic deformation behavior of 
PZN-PT single crystals has also been studied using the nanoindentation technique. By 
isolating elastic contribution to the deformation using the unloading data, parameter r 
was defined to characterize the elastic-plastic deformation. The r-value increased with 
maximum indentation load due to a higher indentation stress induced, causing reduced 
elastic recovery of the material upon indentation unloading. However, the recovery 
was significantly improved after poling, implying the important role of domain 
reorientation towards elastic recovery. Nonetheless, with multiple loading/unloading 
cycles at a higher CSM frequency of 75 Hz, the domain contribution to the elastic 
recovery was significantly reduced and, as a consequence, the r-value was increased, 
indicating more elastic-plastic deformation. This CSM effect was, again, particularly 
pronounced for poled (011) surfaces. Therefore, the overall nanoindentation analysis 
suggested that the (011)-oriented crystals were more mechanically susceptible to 




8.2 Domains Observation and Preferred Fracture Planes 
 
In the attempt to correlate the mechanical properties and domains mobility 
investigated in the nanoindentation, domain structures PZN-(6-7)%PT have been 
studied using Scanning Electron Acoustic Microscope (SEAM), fractography and 
Piezoresponse Force Microscopy (PFM) techniques. From the SEAM results, the 
domain observation agreed reasonably well with the trigonometric projection of 






(001) and (011) surfaces. Similarly, the fractography results revealed cross-sectional 
domain structures that were consistent with the theoretical domain wall configuration 
of rhombohedral phase. In contrast, the domain structures observed using the PFM 
were significantly different. For example, the unpoled (001) surface was generally 
comprised of small patches of antiparallel domains, which were preferentially 
oriented along the polishing direction, while the unpoled (011) surface exhibited 
fingerprint-like nanodomain patterns with a preferential domain alignment direction 
along [011]. The difference between surface and internal domain patterns observed 
(PFM versus SEAM and fractography) could be related to the effect of the surface 
deformed layer and stress compensation between surface strain effect and the 
minimization of elastic energy. 
 
By applying indentations, localized stress-induced domain switching 
phenomenon has been studied. The critical shear stress to cause domain switching for 
PZN-PT crystal was estimated to be approximately 49 MPa based on theoretical 
analysis. When an indentation load was applied, domain switching took place in the 
form of hyperbolic butterfly shape to minimize the indentation-induced localized 
stress change. Plastic deformation and slip processes may then set in along {110} 
planes, causing material pile up in a cross-like pattern. This generated tensile hoop 
stress to form radial cracks along {100} special cleavage planes. With the observation 
of slip and fracture processes, preferred cracking planes of {100} and {110} were 
proposed. This finding of the fracture planes is of considerable importance in the 
device application, wherein the placement of the crystal’s cleavage planes along high 






8.3 Mechanical Polishing Effects 
 
In view of the effect of the surface deformed layer, a controlled fine polishing 
procedure using Al2O3 slurry of 0.3 µm-particle size was adopted to remove this layer. 
After polishing the surface to mirror finish, PFM observation revealed that the 
macroscopic orientations of the domain walls agreed well with permissible domain 
wall directions, instead of aligning along the polishing direction in as-polished state. 
The topography of the PZN-PTs was also altered analogous with the polarization 
direction. More specifically, the upward domains constituted a depression of ~10 nm 
compared with the downward domains, suggesting a different hardness for the head 
and tail domain sections. Furthermore, the structural distortion in the XRD profile and 
the pop-in event in the nanoindentation were successfully eliminated after this fine 
polishing procedure. The removal of the surface layer may also lower the coercive 
voltage of the crystals, thus enabling ferroelectric control with a smaller voltage. In 
view of the significance of mechanical polishing effects, a further mirror-finishing 
process is recommended in addition to the current sample preparation procedure. 
 
 
8.4 Scanning Probe Technique Studies 
 
The second part of the research covered the explorative studies of using 
Scanning Probe Microscopy (SPM) technique to characterize ferroelectric and 
multiferroics materials. Due to geometrical and intrinsic constraints of PZN-PT single 
crystals, some variations in the SPM technique have been implemented on copper-






Piezoresponse Force Microscopy (SS-PFM) showed that the piezoresponse in 
ZnO:Cu film increased with a negative bias and vice versa. Therefore, its ferroelectric 
domains may be weakly aligned in upward direction, in-phase with the negative bias. 
On the other hand, magnetic features with a domain width of ~1 – 2 µm were 
observed using Magnetic Force Microscopy (MFM) technique. These observation 
results suggested that the ZnO:Cu film possessed both piezoelectric and magnetic 
properties, consistent with previous studies.  
 
Furthermore, surface potential behavior of ZnO:Cu film has been investigated 
using Kelvin probe force microscopy (KPFM) technique. In contrast to the pure ZnO 
with unipolar behavior, the ZnO:Cu film exhibited bipolar surface potential behavior 
upon the application of a dc bias. Therefore, it was concluded that Cu ions in the ZnO 
film promoted localized hole trapping phenomenon. With an appropriate amount of 
the Cu ions (~8 at.%), the charge trapping was reasonably stable, which could be 
associated with the presence of oxygen vacancies. In general, the results unveiled 
stable bipolar behavior in ZnO:Cu films as a potential charge storage medium in 
storage applications. This behavior was significantly different from what observed in 
PZN-PT crystal by using KPFM technique. 
 
 
8.5 Recommendations for Future Works 
 
In this study of PZN-PT single crystals, PFM have been proven to be a 
powerful technique in characterizing nanoscale properties of static domain 






thesis are only a fundamental understanding of the crystals’ domains in as-prepared or 
mirror-finished form, without monitoring their in situ change due to an external effect. 
For example, if the PFM is conducted with the variation of the temperature, then the 
in situ domain transformation of the crystals can be observed upon heating to the 
Curie temperature. Likewise, the information on immediate domain evolution with the 
application of increasing biases can be obtained, if the poling facility is incorporated 
into the PFM. It may also be interesting to observe the in situ change in domain 
structures under tensile/compressive stress or electrical cycling effect. 
 
Furthermore, the PFM used in this study have several limitations due to the 
lack of certain attachment modules. First, the local hysteresis spectroscopy is 
restricted to an acquisition within ±9.8 V. This limits the PFM’s capability to 
quantitatively characterize the local polarization switching behavior of thick films or 
hard ferroelectric materials with a larger coercive voltage. Second, the PFM is only 
capable of detecting out-of-plane polarization response, while the in-plane component 
due to shear piezoresponse remains undetermined. Thus, an accurate vector of a 
ferroelectric domain cannot be deduced for a polarization with both the in-plane and 
out-of-plane components. This imaging of lateral piezoresponse is important for 
certain materials with interesting in-plane features, such as BiFeO3 films and perhaps, 
PZN-PT single crystals. 
 
Another remarkable aspect is that the elastic modulus and hardness obtained 
from nanoindentation experiments in this study may only be a representation of 
submicron properties. In fact, there was no difference between the nanoindentation 






suggested that the downward domains (negative surface) constitute a higher hardness 
compared with the upward domains (positive surface). Therefore, detailed evaluation 
of nanoscale mechanical properties should be performed, probably using the AFM-
nanoindentation technique. Moreover, it may be interesting to have an in-depth 
fracture toughness analysis since it pertains to the cracking behavior critical to single 
crystal materials. 
 
For a further understanding of the mechanical properties, numerical solutions, 
such as Finite Element Method (FEM) with special elements, can be adopted to 
simulate the anisotropic response of the crystals under mechanical stress. However, 
due to the difficulties to establish constitutive laws or property matrices for single 
crystals with domain formation, this subject remains an open question and more 
research is required to gain better insight into domain behaviors in relaxor single 
crystals. 
 
On the other hand, mechanical degradation behavior of PZN-PT single 
crystals under simultaneous electromechanical loading has not been comprehensively 
explored. Therefore, for a workability assessment in practical applications, the crystal 
properties and domain structures could be investigated after the exposure to combined 
cyclic electrical and mechanical loadings. This assessment could be carried out using 
ferroelectric hysteresis testing and PFM techniques. A more valuable insight may be 





































This diagram showing the anomaly found in the (a) S-h and (b) S2-P curves during the 
preliminary nanoindentation testing of (011)-oriented PZN-(6-7)%PT single crystals. 
It seems that there are two stages of linear behavior, with a transition at an indentation 
depth of ~375 nm or a load of ~20 mN. These results were irreproducible and only 
one single stage of the linear behavior was found during subsequent tests. It is unclear 
of whether this phenomenon was due to errors in the experimental setup, the influence 








Appendix B: Mechanical Polishing Effects 
 
 
This figure showing PFM topography and phase images (field of view: 10 × 10 µm2) 
for the (a) as-polished and (b) mirror-finished (001)-oriented PZN-(6-7)%PT samples 
before and after applying a dc voltage of +10 V to the (5 × 5)-µm2 area in the middle 
(larger dotted area), followed by -10 V to a (2 × 2)-µm2 area within the positively 
poled region (smaller dotted area). The same dc writing has also been performed on 
the (c) as-polished and (d) mirror-finished (011)-oriented PZN-(6-7)%PT samples. 
For both orientations, the topography remains unchanged after biased, and the effect 
of the dc writing, with a bias of ±10 V, is more prevalent after polishing the crystals 
to mirror finish. The scale bar shown in the figure represents 2 µm. 
